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CHAPTER 1 - BACKGROUND LITERATURE 
Song is a sexually differentiated trait among passerines (songbirds), with relatively few 
exceptions. Male birds sing and females do not.  Similar to humans, songbirds rely on both 
visual and auditory cues for social recognition, making them an ideal species for studying 
communication.  A female responds to male song with changes in behavior (e.g., tail quivers, 
indicating a willingness to copulate), clearly showing that male song is an important form of 
communication (Catchpole and Slater, 1995).  When a bird calls or sings, the song can be heard 
when the bird is out of sight and over distances.  More colorful plumage is a second cue 
displayed by male songbirds, but birds must be in close proximity for visual cues to be effective. 
Thus, of the two forms of communication, song may be a more optimal signal (Catchpole and 
Slater, 1995).  Indeed, females use song quality to choose mates (Tomaszycki & Adkins-Regan, 
2005). 
There are specific components of a male’s song that females find more attractive than 
others (Nowicki, Searcy, & Peters, 2002a). In general, females prefer more elaborate song: 
longer song bouts (Eens, Pinxten, & Verheyen, 1991; Kempenaers et al., 1992; Neubauer, 1999),  
song with more syllable types (Clayton & Prove, 1989), and greater repertoire size (Reid et al., 
2004). Females may choose males with a  more elaborate song  to increase the likelihood of their 
own genetic survival by selecting a mate with a superior song (Catchpole & Slater, 1995).  
According to Fisher (1930), when a female chooses a superior male, her sons are born with the 
“awesome song” trait.  The female then directly improves her own reproductive success by 
producing “sexy sons.”  According to Anderson (1994), song can be used as mechanism 
indicating the male’s environmental milieu. Given that song rate is correlated with food 
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availability a male’s song is an indicator of the future performance of a mate as a provider, as 
well as the quality of his territory (Andersson, 1994).   
In zebra finches, the process of how a male bird develops song is well understood, from 
how the vocal behavior is learned (Eales, 1985; Marler, 1997) to the hormonal mechanisms 
underlying development [see Wade and Arnold, (2004) for a review].  A growing body of work 
describes genetic contributions to song development (Duncan & Carruth, 2007; Duncan, 
Jimenez, & Carruth, 2011; Tang, Peabody, Tomaszycki, & Wade, 2007; Thompson, Dzubur, 
Wade, & Tomaszycki, 2011; Tomaszycki & Dzubur, 2013; Tomaszycki et al., 2009).  According 
to Nowicki (1998), the adaptive significance of the song learning process should also be 
considered. Given that song is a learned behavior, it is susceptible to variations in the 
environment, particularly nutrition. Therefore, variations in food availability should be 
accompanied by variations in the neuroanatomical structures that are responsible for song 
learning and output (Arnold, Nottebohm, & Pfaff, 1976; Gurney, 1982; Nowicki, Peters, & 
Podos, 1998).   Thus, adult song reflects the male songbird’s early life environment during the 
learning process.  This is known as the “developmental stress hypothesis” (DSH). Juvenile birds 
are highly susceptible to stress during the critical period for song development as any deficits 
cannot be recouped later in life (Buchanan, Spencer, Goldsmith, & Catchpole, 2003) . 
1.1 Song Learning 
Two general categories of songbirds exist, closed- and open-ended learners.  Closed- 
ended learners are those with a fixed developmental period during which they learn their song 
and learn only one song in their lifetime.  In contrast, open-ended learners are able to continue to 
learn new songs later in life and are sometimes called seasonal learners.  Zebra finches are 
closed-ended learners and learn their song in two stages.  The first stage occurs from post 
3 
 
 
 
hatching days 25-60, in which the male begins learning by memorizing a copy of his father’s 
song (Bohner, 1990; Eales, 1985; Immelman, 1969).  The second stage is a sensorimotor 
integration period, which begins around post hatching day 40 (Kohishi & Nottebohm, 1969). 
During this period, the young male compares his song to the memorized “template” and adjusts 
his song output until the songs match (Immelman, 1969; Konishi, 1994).  The beginning of 
sensorimotor integration is marked by the emergence of a soft sub-song in the juvenile male, 
which bears little resemblance to the tutor template.  Over time  the sub-song will develop into 
“plastic” song, containing some syllables of the adult tutor, until, under normal conditions  it 
becomes “crystallized,” including all of the characteristics of adult stereotyped song by 90-100 
days post hatching (Marler & Peters, 1982).  Both stages have their own sensitive period and, in 
the zebra finch, these periods overlap (Immelman, 1969; Roper & Zann, 2006) (figure 1.1). 
The effects of nutritional stress (NS) on song quality 
For a male bird’s song to be an indicator of his nutritional history, we must demonstrate 
variations in adult song output which coincide with variations in NS during the developmental 
stages associated with song learning (Nowicki et al., 1998).  The first two studies to directly 
examine the DSH were correlational.  In the field, tarsus and feather length have been associated 
with variations in food availability during development  (Merila & Fry, 1998; Quinney, Hussell, 
& Ankney, 1986), and these have been associated with song repertoire sizes in the field 
(Doutrelant, Blondel, Perret, & Lambrechts, 2000; Nowicki, Hasselquist, Bensch, & Peters, 
2000).  The relationship between markers of physical development and song output lends support 
to the DSH. However, arguments have been made against using correlational studies in support 
of the DSH.  Among these is the suggestion that correlational studies may actually be measuring 
a third variable, parental quality (Buchanan et al., 2003).  Paternal repertoire size positively 
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correlates with male provisioning rate (Buchanan & Catchpole, 2000).  Is the repertoire size of 
the offspring due to a high provisioning parent, a high singing parent, or “good genes”? Such 
arguments neglect an important source of variability, the environment.  No amount of intent on 
the part of the parent bird will provide food to the hungry nestling if little or no food is available.  
The individual variability in song learning in response to the environment is the crux of the DSH.   
 The first experimental test of the DSH was conducted by Nowicki and colleagues in 
2002.  Hatchling swamp sparrows were collected from the field 5-7 days post hatching and hand 
reared in the lab, in order to directly manipulate NS. Experimental hatchlings were fed only 70% 
of the volume of that controls received.  Stressed animals produced less accurate copies of their 
father’s song (Nowicki et al., 2002a).  They also showed a shift in the timing of song 
development.  Stressed animals began to sing sub-song sooner than non-stressed animals and 
spent more time singing plastic song (Nowicki et al., 2002).  Differences in song repertoire sizes 
were not found. However, other differences in song quality that are relevant to females were not 
measured in the study, such as syllable number, number of song bouts and lengths of song bouts 
(Nowicki et al., 2002a).  Nonetheless, this study was the first to show a direct effect of NS during 
development on adult song output.  More importantly, it clearly showed that NS disrupted the 
process of male song learning.   
In a follow-up study, Nowicki and colleagues (2002b) tested whether female swamp 
sparrows were able to discriminate songs that had been poorly copied due to NS from normal 
control songs.  Wild caught females produced significantly more copulation displays when 
listening to control song than when listening to song from birds that had experienced NS 
(Nowicki et al., 2002b).  This lends support to the concept of song as an honest indicator of male 
quality. 
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 Unpredictable food supply in European starlings also causes song deficits (Buchanan, 
Leitner, Spencer, Goldsmith, & Catchpole, 2004).  Juvenile European starlings were captured 
from 35-50 days post-hatching, a time when there are major changes in song production nuclei 
that are necessary for high quality song. This puts them at particular risk for NS during this time.  
The starlings were subjected to unpredictable food supply via removal of food from the aviary 
for fours hour per day (randomized across the day) for 2 months. By the end of the experimental 
procedure, males that experienced unpredictable food supply produced fewer and shorter song 
bouts and spent less time singing overall (Buchanan et al., 2003).  Ten months later, these males 
still had significantly smaller repetoire sizes than the control males (Spencer et al., 2004), 
providing the first direct evidence of the effects of DSH on repetoire size.  Interestingly, birds in 
the unpredictable food supply condition maintained higher body masses than controls throughout 
the experiment.  This is counter to what one would expect in response to NS. The authors claim 
this is likely do to changes in metabolic efficiency or activity levels in individual birds in reponse 
to the stress, not increased food consumption during food availabilty (Buchanan et al., 2003; 
Spencer, Buchanan, Goldsmith, & Catchpole, 2004). 
The zebra finch is particularly well suited to studying the DSH, as it is a closed-ended 
learner with well-defined sensitive periods for song learning that coincide with the development 
of the neuroanatomy necessary for song learning and production (Bottjer, 2002; Eales, 1985; 
Konishi & Akutagawa, 1985).  Another way to study the DSH is to increase parental foraging by 
giving parents access to food containing a mix of seeds and husks at a ratio of 1:3 (Spencer, 
Buchanan, Goldsmith, & Catchpole, 2003).  This creates a naturalistic foraging situation in the 
aviary.  Parents spend more time searching for seed and less time feeding chicks, resulting in 
undernourishment in these chicks.  In adulthood, these birds have significantly shorter and 
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simpler songs than do non-stressed controls (Spencer et al., 2003).  In a follow-up study, Spencer 
and colleagues (2005) demonstrated that females prefer songs from unstressed males over 
stressed males. Also using increased parental foraging, Zann and Cash (2008) found reduced 
syllable rates in stressed males compared to unstressed males.  Stressed  zebra finch males also 
copied only 70% of song syllables from their tutors as compared to 95% in controls  (Brumm, 
Zollinger, & Slater, 2009).   
Brood size has also been shown to affect nestling development.  Birds from larger broods 
(5 or more hatchlings) tend to have shorter tarsi and wings, as well as lower mass as adults 
(Naguib, Riebel, Marzal, & Gil, 2004).  Studies have used brood size manipulation to examine 
the effects of NS on song development with mixed results.   While several studies have failed to 
find an effect of increasing brood size on song (Gil, Naguib, Riebel, Rutstein, & Gahr, 2006; 
Naguib, Heim, & Gil, 2008), increasing brood size has resulted in both decreases in song rate 
(deKogel & Prijs, 1996) and increases in song rate (Tschirren, Rutstein, Postma, Mariette, & 
Griffith, 2009), though song quality was not measured.  Brood size has also been shown to affect 
song syntax learning (Holveck, Vieira de Castro, Lachlan, ten Cate, & Riebel, 2008).  Juveniles 
copy groups of syllables from their tutor, but rearrange these syllables slightly when they 
reproduce the song as their own. Thus, a family of male zebra finches with the same tutor (likely 
the father) will develop individual syntactic variation within a similar song structure.   Creating 
these individual characteristics allows zebra finches to recognize individuals by song alone 
(Zann, 1996).  Holveck and collegues (2008) found that birds from both large and small broods 
copied the same number of syllables from their tutors.  However, the groups differed in the way 
they rearranged these learned syllables, the first report of a qualitative change in song in response 
to NS.  This difference is salient to females, as they prefer males that had been raised in the small 
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broods over those from large broods (Holveck, Geberzahn, & Riebel, 2011).  However, Naguib 
and colleagues (2008) did not find an effect of brood size on female choice, despite using birds 
from a previous study where brood size was found to be significantly related to other measures 
of fitness (Naguib et al., 2004). 
 Recent work examining the effects of  NS during song development on adult song output 
lends support to the hypothesis that song may act as an indicator in female mate selection 
(summarized in Table 1). In the two studies examining unpredictable food supply (Buchanan et 
al., 2003; Spencer et al., 2004), European starlings were captured between 35-50 days post 
hatching, which is rather late and means that the environmental conditions these birds 
experienced as hatchlings are unknown.  Social influences are known to have profound effects 
the acquisition of song in this species (Hausberger, 1997) and male European starlings are 
particularly territorial during the breeding season (Sandell & Smith, 1997).  These birds were 
housed in large mixed sex cages.  In such confined quarters, captive starlings in this study were 
therefore likely subjected to a higher frequency and intensity of aggressive interactions then if 
they were able to forage in a natural setting (Spencer et al., 2004). In the unpredictable food 
condition, this may have been even more exaggerated, particularly upon reintroduction of the 
food supply at the end of the four hour deprivation.  It is therefore possible that the differences in 
singing behavior between stressed birds and controls could have been due to differences in 
aggression and competition. 
Studies using the experimental brood size enlargement paradigm have yielded the most 
conflicting results. Two of the three studies using this method showed no effect of NS on song 
output (Gil et al., 2006; Naguib et al., 2004).  Gil et al. (2006) also examined differences in song 
nuclei and did not find any effects of brood size enlargement. This is likely due to the fact that 
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parents tend to increase their provisioning rate despite the energetic cost to themselves (Patrick 
& Browning, 2011).  Individual variability in the amount of nest mate competition may also 
account for non-significant results. Indeed, competition for parental attention increases among 
nest mates as brood size increases (Leonard, Horn, Gozna, & Ramen, 2000).  Nestlings will 
compete with each other physically, as well as adjust the intensity of their begging calls, in 
response to decreased parental feeding rates (Leonard et al., 2000; Ottosson, Bäckman, & Smith, 
1997).  This competition typically results in dominant and subordinate siblings in terms of access 
to parental resources.  Dominant siblings will physically push their subordinate siblings further 
back in the nest, thereby guaranteeing themselves access to food when parents enter the nest 
(Ottosson et al., 1997).  In studies using brood size as the method of NS, there are still likely to 
be nestlings experiencing an adequate food supply.  Thus, brood size manipulation may not be an 
appropriate methodology for studying the effects of NS. To maintain face validity while 
protecting against possible confounds such as increased nest mate competition, the most 
appropriate method to use for early life nutritional stress is increased parental foraging.   
1.2 Female Song Perception 
Female zebra finches do not sing but use male song to select their mate.  These song 
preferences are often tested in one of two paradigms. The first is a 2-choice paradigm, in which a 
female is given the choice of either two live males or two speakers presenting different songs. 
The amount of time spent nearest to, and facing, each speaker is measured. The male/speaker the 
female spends the most time next to is noted as her preference. The second paradigm involves 
injecting a female with supraphysiological doses of estradiol and measuring the number of 
copulation solicitation displays (tail quivers) she makes to songs of varying quality.  Female 
zebra finches develop a preference for their song tutor’s song, typically their father.   In 
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adulthood, females will show preference for that song over other song with very similar features 
in a 2-choice paradigm (Miller, 1979) and via copulation solicitation displays (Clayton, 1990).   
Females are also able to discriminate the differences between tutored and untutored song and 
will show a preference for tutored song in a 2-choice paradigm (Lauay, Gerlach, Adkins-Regan, 
& Devoogd, 2004).  This preference is based on auditory experience during development.  
Evidence for this exists from females that were cross-fostered to a different subspecies.  These 
females developed a preference for their foster father’s song over song from conspecifics 
(Clayton, 1990).  The development of song perception in females has been hypothesized to have 
the same sensitive period as template formation in males (Braaten, Petzoldt, & Colbath, 2006; 
Riebel, 2003).  Females reared without a father or other male song tutors are unable to 
discriminate between song on the basis of song quality using a 2-choice test (Clayton & Prove, 
1989; Lauay et al., 2004; Riebel, 2000) and are equally likely to choose tutored or untutored  
males as a mate. 
The effects of NS on song perception in females 
 Female zebra finches are also susceptible to perturbations in development as a result of 
NS.  They experience the same growth delays as males when measuring body mass and wing 
length (Honarmand, Goymann, & Naguib, 2010).  Selection theory would suggest that females 
should vary in their ability to discern the quality of song, making highly perceptive females more 
likely to secure a mate to increase her own reproductive success (Andersson, 1994).  As such, it 
may also be the case that a period of NS during development could disrupt neural development 
associated with song learning in females.  This would then have lasting effects on a female’s 
ability to discern high quality males from poor quality males. 
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Woodgate and colleagues (2010) raised female zebra finches in an increased parental 
foraging paradigm from days 5-30.  As adults (>day 160), these females participated in mate 
choice trials where they were presented with four males at a time.  Preference was determined by 
time spent perched in front of a given male.  Nutritionally stressed females were significantly 
less active than control females, but there were no differences between nutritionally stressed 
females and controls in mate preferences (Woodgate, Bennett, Leitner, Catchpole, & Buchanan, 
2010).  A significant limitation to this study was that the males had all developed normally and 
all had normal song.  A follow-up study addressed this limitation by giving the females a choice 
between two types of the recorded song, normal song or song that had syllables deleted to 
resemble abnormal song.  These were presented to the females in the choice paradigm.  This time 
there was a clear preference, where both control and nutritionally stressed females preferred the 
unaltered song (Woodgate et al., 2011).  This suggests that NS may not disrupt female song 
learning. 
In a study using experimentally enlarged brood size, it was found that females in both 
groups were equally motivated to hear song (Holveck & Riebel, 2010).  Interestingly, when 
given a choice of partners, females from both groups engaged in assortative mating (low quality 
females were found to prefer low quality males and high quality females preferred high quality 
males).  In a forced pairing situation, latency to lay the first egg was increased in non-quality 
matched pairs for both stressed females and controls.  This suggests that stressed females were 
able discern high and low quality song, and that they preferred males that resembled them in 
quality (Holveck et al., 2011). 
Very little work has been done examining the effect of NS on female perception. The 
results of studies which have been completed, can be called into question for methodological 
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consideration.  Woodgate (2010) gave NS females a choice between all normally reared males, 
which did not present an opportunity to show an inability to detect poor song.  In their follow up 
study in 2011, the deleted song syllable may have produced a song that sounds very different to a 
female than song that naturally has a small repertoire, even a female with perceptual deficits.  
Holveck (2010) use a method that may be a measure of social, not NS.  Therefore, based on the 
methodological limitations of the previous studies, the effects of NS on females are still 
unknown. 
1.3 Hormonal Contributions 
 The zebra finch brain is highly dimorphic in regions responsible for the development and 
production of song.  Area X , which never develops in females, is known to be crucial to song 
learning as lesioning this areas during development inhibits song learning in males (Doupe & 
Solis, 1997).  The HVC (used as proper name) and the robust nucleus of the archistriatum (RA) 
have been identified as areas important for song production, specifically the motor aspects of 
song (Wade, 2001a).  HVC and RA are larger in volume in male zebra finches with greater cell 
densities and larger soma sizes (Nottebohm & Arnold, 1976).  Finally, the lateral part of the 
magnocellular neostriatum (LMAN) shows no sex volumetric sex difference in adulthood.  
However, sexual differentiation occurs at the  at the cellular level as somas in female finches 
show a reduction between days 35 and 60 post-hatching (Nixdorf-Bergweiler, 2001). These 
differences in the song system and in singing behavior are believed to be regulated by steroid 
hormones early in development.   
This process of this exposure is particularly well understood in the zebra finch, in which 
large sex differences in the song system parallel differences in singing behavior.  The most 
marked difference is in Area X, which does not develop in females (Konishi & Akutagawa, 
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1985).  Strong evidence exists that estradiol (E2) plays a critical role in sexual differentiation of  
zebra finch song system (for review see Wade,  2001).  E2 treatments have large scale 
masculinizing effects on the female song system, beginning with increases in volume, cell size 
and number in areas in the AFP (Grisham & Arnold, 1995; Gurney & Konishi, 1980) .   E2 
treatments cause the female HVC to form connections with RA (Holloway & Clayton, 2001).  
Furthermore, E2-treated females produce male-like song (Gurney & Konishi, 1980; Simpson & 
Vicario, 1991).  Interestingly, E2 has been found to be more effective in masculinization of the 
song system than testosterone (T) (Grisham & Arnold, 1995) and E2 treatments coupled with T 
show similar results to E2 (Jacobs, Grisham, & Arnold, 1995).   Further evidence for the 
importance of E2 is that intracranial injections of the specific estrogen receptor antagonist IC182, 
780, demasculinizes HVC and RA in males (Bender & Veney, 2008).   
Interestingly, despite dramatic effects of E2 in female zebra finches, both male and 
female zebra finches show the same levels of circulating androgens during development 
(Adkins-Regan, Abdelnabi, Mobarak, & Ottinger, 1990b).   This suggests that masculinization of 
the brain is the result of neural, not gonadal synthesis of E2.   In male zebra finches, 
masculinization may occur via aromatization of T to E2.  Indeed, caudomedial nidopallium 
(NCM) (important for song discrimination) expresses high concentrations of aromatase (ARO) 
(Metzdorf, Gahr, & Fusani, 1999).  NCM is directly adjacent to HVC, the only area in the song 
system to express E2 receptors (Gahr & Metzdorf, 1997), and E2 receptors are higher in males 
than in females.  This suggests that E2 necessary for the masculinization of the song system is 
provided by neighboring regions.   
In contrast to the low levels of ARO and ER across the song system, androgen receptors 
(AR) are quite prevalent and sexually dimorphic in the zebra finch song system.  AR expression 
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is significantly higher in males than in females (Kim, Perlman, & Arnold, 2004).    ARs are 
expressed as early as post hatch day 1 (Gahr & Metzdorf, 1999). The highest levels of AR 
expression occur in HVC and LMAN (Nordeen, Nordeen, & Arnold, 1986), and the expression 
of AR in HVC is already sexually dimorphic as early as day 9, the earliest known sex difference 
in the song system (Gahr & Metzdorf, 1999).  Increases in the number of AR expressing neurons 
in HVC parallels the increases in volume observed in this area during development (Kim et al., 
2004). The masculinization caused by treatment with E2 in females may be related to ARs.  
Treatment with E2 increases the number of androgen target cells in LMAN and HVC (Noordeen 
et. al., 1987).  In HVC, this causes an increase in the addition of new neurons overall, and in 
LMAN, E2 treatment rescues androgen target cells from cell death (Nordeen et al., 1986). At 
least in females, E2 may masculinize the song system by masculinizing the expression of 
androgen receptors during development (Nordeen et al., 1986). E2 treatment also increases ARs 
in Area X (Kim et al., 2004).   If E2 treatments upregulate AR mRNA, then this may be the 
mechanism by which masculinization is achieved. Co-administration of E2 and flutamide (an 
androgen receptor inhibitor) blocks the masculinizing effects of E2, confirming this hypothesis. 
E2 and T likely work in concert to produce song in males.  E2 receptors are first 
expressed in HVC at day 15 (Gahr, 1996), and ER immunoreactivity decreases after post hatch 
day 40; both time points coincide with the opening and closing of the song learning period, 
respectively (Eales, 1985).   During this same period, expression of AR increases and reaches its 
peak at the time ER expression begins to decrease (Kim et al., 2004).  This pattern of expression 
may define the sensitive period for song learning, in that E2 may be responsible for maintaining 
plasticity during the sensitive period for song learning, while T closes this sensitive period 
(Schlinger, 1997).  It is therefore reasonable to suppose that optimum levels of T exposure are 
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necessary for the appropriate acquisition and later production of song.  Too little T could cause 
the song learning period to overlap with crystallization, thereby interfering with song output, and 
too much T could close the sensitive period early resulting in poorly learned song  (Schlinger, 
1997). Indeed,  both reduced  and chronic high levels of T impair song learning (Korsia & 
Bottjer, 1991).   
The effects of NS on hormones 
Hormones play a central role in the development of song.  It is therefore likely that a 
period of NS during development could disrupt the normal actions of androgens and estrogens, 
thereby permanently affecting adult song.   In humans, under-nutrition is associated with delayed 
onset of puberty. Children with juvenile onset inflammatory bowel disease (IBD) have a caloric 
intake reduced to 43-82% of recommended values (Ferguson & Sedgwick, 1994).  Puberty is 
frequently delayed in children with IBD into the mid to late teenage years, and in some cases into 
the early 20s (Azooz, Farthing, Savage, & Ballinger, 2001).  In women who experience rapid 
and/or severe weight loss such as in the case of Anorexia nervosa, menarche can also be severely 
delayed (primary amenorrhea).  This type of weight loss can also result in secondary 
amenorrhea, which occurs when menstruation stops in a women who previously experienced a 
normal menstrual cycle (Cachelin & Maher, 1998). In adult rats periods of food restriction have 
been shown to shrink the testes in males and reduce levels of luteinizing hormones and follicle 
stimulating hormone in females (Grewall, Mickelsen, & Hafs, 1971; Young, Zirkin, & Nelson, 
2000). Food restriction in adult males has also been shown to significantly reduce the number of 
androgen receptors in the testes (Santos et. al., 2004).  Dams that have been subjected to food 
restriction during lactation have pups that show reduced aromatase expression in the testes and 
circulating plasma levels of estrogen, but increased levels of T at 21 days (Teixeira et al., 2007).   
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Brief periods of food restriction, lasting less than 12 hours, typically result in decreased T 
(Lynn, Stamplis, Barrington, Weida, & Hudak, 2010).  However, long-term food restriction, over 
several weeks, has the opposite effect.  NS caused by experimental brood size enlargement has 
been shown to significantly increase levels of circulating T in stressed birds (Naguib et al., 2004; 
Spencer et al., 2004).  European starlings experience reduced repertoire sizes and elevated T in 
response to unpredictable food supply (Spencer et al., 2004).  When adult levels of T are 
administered to zebra finches from post hatch day 20 to post hatch day 40, song repertoire size is 
significantly reduced compared to controls (Korsia & Bottjer, 1991).  The timing of T 
administration determined the size of the effect in this study.  T administration from day 20 to 
day 40 caused greater deficits in song than T administered from post hatch days 1 through 20 or 
days 40-95, but similar to results of T administered from days 1-95 and 20 through 95.  As the 
sensitive period for song learning lasts from post hatch day 25 through day 40, this suggests that 
increasing T has the greatest impact during this period. 
1.4 Stress 
Originally the DSH was known as the Nutritional Stress hypothesis, but was renamed by 
Buchanan and colleagues (2003).  They argued that under-nutrition is not the only source of 
stress a hatchling could encounter that could affect brain development (Buchanan et al., 2003).   
Parasite infestation, for example, can deplete resources in ways similar to under nutrition 
(Clayton and Moore, 1997).  Juvenile canaries experimentally infested with malaria show 
smaller repertoire sizes as adults than do healthy controls (Spencer et al., 2005), and this 
interaction can be mediated by a bird’s own immune response (Buchanan, Catchpole, Lewis, & 
Lodge, 1999).   
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Initial increases in corticosterone (CORT) release are thought to be an adaptive response 
to stressful stimuli (Wingfield et al., 1998).   Continued exposure to high levels of stress 
hormone can lead to immunosuppression (Buchanan & Catchpole, 2000) and deficits in neural 
development (McEwen et al., 1995).  Spencer and colleagues (2003) suggested NS may be 
affecting development of song via elevation of CORT. Indeed, animals in this study that were 
treated with CORT during early life showed effects similar to NS animals, suggesting a shared 
mechanism (Spencer et al., 2003).  However, the effects of NS on CORT are inconsistent.  At 
least two studies directly measuring CORT after NS failed to find an effect (Buchanan et al., 
2003; Spencer et al., 2003).  However, this may be due to sampling CORT at only one time point 
in the study.  If plasma levels of CORT fluctuate over time in response to NS, these studies may 
have missed this effect.    When CORT was measured at day 17 and day 35 in a study examining 
the effects of low quality diet on growth rate and stress, CORT was elevated at both  time points 
in animals receiving a low quality diet compared to those receiving a normal diet (Honarmand et 
al., 2010).   This difference was larger at day 17 than at day 35.   One possibility for these 
discrepancies could be the method of food restriction. Spencer et al. (2003) did not find 
increased levels of CORT at day 18 using increased parental foraging.  However, should parents 
increase their provisioning rates, hatchlings would no longer experience food stress after a time.  
In contrast, if NS is created with a low quality diet, animals would experience energetic 
restriction through the entire testing period.  Another possibility is that CORT levels decline after 
initial increases, even when NS is ongoing. In a hand-rearing study, CORT was elevated at both 
day 10 and day 22, but levels had dropped by day 22, even though food restriction was ongoing 
(Pravosudov & Kitaysky, 2006).  This suggests that increases in CORT during NS may best be 
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detected near the onset of treatment. It also suggests that there may be compensatory 
mechanisms at the physiological level. 
Social interactions can also activate hormonal pathways associated with stress and lead to 
changes in sexually selected traits (Nowicki & Searcy, 2004).   Many bird species, zebra finches 
included, are social foragers.   During social foraging, dominance hierarchies are established in 
the flock through a series of  aggressive interactions as birds first establish, then maintain, their 
positions (Forkman & Haskell, 2004). Experimentally manipulating brood size has consistently 
elevated levels of CORT in hatchlings of broods containing five or more nest mates (Gil et al., 
2006; Honarmand et al., 2010; Naguib et al., 2008).   This is likely due to the effects of nest mate 
competition, as food restriction is known to increase sibling competition in birds (Leonard et al., 
2000).   Increases in CORT due to a period of food restriction could result in result in more 
aggression by dominants toward subordinate siblings (Mora, Drummond, & Wingfield, 1996).  
This idea is supported in recent work showing increases in CORT and aggression in response to 
acute fasting in zebra finches (Fokidis, Prior, & Soma, 2013). More work is necessary to 
determine whether the effects of NS act via the hypothalamo-pituitary-adrenocortical (HPA) 
regulation or direct energetic restriction. 
 To date, studies that have included physiological changes as an effect of NS measured 
CORT or T only, and only at one time point.  None have examined the effects of NS on E2, 
which plays an instrumental role in the development of song.  In Chapter 2, I discuss my 
examination of the effects of NS on T, E2 and CORT and determined the extent to which these 
hormonal changes correlated with male song deficits.  In previous studies of the effects of NS on 
female mate choice, females were expected to choose from a selection of normally reared males, 
or select between recorded control song, and digitally altered song. This limitation is also 
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addressed by an experiment described in Chapter 2, where females were given a choice between 
recordings of control song and song recorded from actual NS males in a 2-choice paradigm. 
 There is a dearth of literature examining the effects of NS on the juvenile period in song 
birds.  Though male song in integral in the formation of pair-bonds, juveniles must first develop 
opposite-sex preferences. The development of this preference has been shown to be modulated 
by steroid hormones (Adkins-Regan & Leung, 2006b).  It was hypothesized that NS would cause 
changes in levels of steroid hormones during development.  In Chapter 3, I will summarize my 
investigatigation the effect of NS on the development of opposite sex preferences using a 3-
choice paradigm. 
 In the wild, NS is unlikely to affect only juveniles in the colony.  The increased parental 
foraging paradigm allows for the opportunity to examine the social implications of NS.  Across 
species when resources are scarce competition increases.  In zebra finches, acute fasting has been 
shown to both increase aggression and plasma levels of CORT (Fokidis et al., 2013).  I 
investigated the effects of NS on social interactions during the juvenile period and the impact of 
this stress on adult behavior using a novelty suppressed feeding paradigm.  I also tested the 
effects of NS on neural expression of CRH and GR mRNA.  These experiments are summarized 
in Chapter 4. 
 These studies provide evidence that early life stress disrupts a range of normative 
behaviors and physiological outcomes not solely related to pair bond formation.  Additionally, 
early stress is unlikely to occur to only select individuals in a social species like the zebra finch.  
For juveniles NS introduces not only food restriction and activation of their stress response, but 
changes to how the colony interacts as a whole, further impacting development.  Collectively, a 
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broader understanding of the relationship between individual stress, physiology and social 
interactions emerges.   See figure 1.2 for a summary of this work. 
General Method 
Subjects 
 Twenty adult male and 20 adult female zebra finches were chosen randomly and placed 
into cages housing 10 of each sex, and were allowed to pair for 1 week. Following the week of 
pairing, the birds were given nest boxes and sanitary nesting materials to encourage egg laying.  
These birds were given ad libitum access food, water and grit.  Supplements were provided twice 
a week in the form of hard boiled chicken egg mixed with bread.  Prior to hatching, pairs were 
assigned to one of two treatment conditions: NS (n=10) and control (n=10).  Each pair was 
permitted to raise one brood before being returned to same-sex cages. 
In the control condition, birds received two dishes containing 200mg of seed that were 
replaced every 48 hours.  This amount is more than sufficient for the number of animals in the 
cage.  Water, grit and supplements remained unchanged.  When the first offspring in the cage 
reached 3 days post hatchin, animals in the NS condition received the same amount of seed as 
controls, but mixed with sani chips at a ratio of 1:3 to make it more difficult to get to the seed. 
This simulates a naturalistic foraging environment, in which parents must work harder to find 
food and, subsequently, NS in the offspring. Offspring survive under these conditions; this 
protocol has been used successfully in previous studies (Spencer et al., 2003; Zann & Cash, 
2008a).  The seed ratio was reset every 48 hours until juveniles reached post-hatch day 33. Food 
restriction therefore overlapped with template formation, the first sensitive period in the song 
learning phase (figure 1.1). Spencer and colleagues (2003) mixed seed with seed husks, however, 
collecting seed husks proved to be extremely time consuming.    Pilot data indicated that using 
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this method with sani chip was sufficient to increase time spent foraging, but did not cause 
weight loss in the adults. 
Offspring from each condition were marked with food coloring at birth, weighed daily for 
20 days, and then weighed again before brain collection.  To do this, birds were placed on a scale 
in the aviary, to minimize time away from the nest.  Once birds fledged (around post hatch day 
14), they were placed into a small black sock to prevent them from flying while being weighed. 
Once the leg was large enough to support a band, subjects were banded with unique 
color/number combinations between post hatch days 10 and 13.  When the first offspring reached 
post hatch day 33, birds once again receive ad libitum access to seed.  Breeding continued until 
sufficient sample sizes were obtained in each condition.  Subjects remained in the home cage 
with their parents until the end of the experiment, with the exception of birds in the post hatch 
day 100+ condition. These animals were removed from their home cage at day post hatch 60 and 
placed in same-sex aviaries until they reached 100+ days of age.  
In the following experiments, all animals in the post hatch day 100+ group went through 
all behavioral and physiological tests (figure 3.1).  Animals in the post hatch day 25 and 60 
groups were collected for physiological testing only. 
Sex determination 
 Secondary sex characteristics such as plumage and beak color do not differentiate in the 
zebra finch until around post hatching day 40.  To minimize the number of animals sacrificed 
unnecessarily, the sex of the birds was determined prior to day post hatch 15. In order to reduce 
trauma, a small toe clipping was taken from each hatchling prior to post hatch day 10.  Toe clips 
were incubated for 1 hour at 95° C in 30μl of 50M NaOH to isolate genomic DNA.  At the end 
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of the hour the solution was neutralized with 30μl of 100mM of Tris (pH 5.0), and stored at -20° 
C. 
 In male birds the sex chromosomes are designated ZZ and the females ZW.  The sex 
chromosome genes CHDZ and CHZW were amplified by PCR using gDNA isolated from toe 
clips.  The following PCR cycling conditions were used: 1) 94° C for 2 mins for 1 cycle 2) 30 
secs at 94° C, 1 min at  50° C, 1 min at 68° C  for 40 cycles 3) 5 mins at 68° C  for 1 cycle. The 
forward primer was 5’- YTK CCA AGR ATG AGA AAC TG-3’ and the reverse was 5’- TCT 
GCA TCA CTA AAK CCT TT-3’. The final reaction was run on a 3% agarose gel for 1 hour at 
100 volts.  Gels were read immediately.  One bar indicated a male bird and two bars indicated a 
female bird (figure 3.1). 
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Figure 1.1: Timeline of the Development of Song in the Male Zebra Finch.  In this study, 
nutritional stress was created via increased parental foraging from post hatching days 3 to 33.  
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Figure 1.2: Dissertation Overview.  A summary of the predicted relationships among the 
constructs of interests.  In all cases the environment is NS.  CORT: corticosterone; GR: 
glucocorticoid receptors; CRH: corticotropin releasing hormone;NS: nutritional stress. 
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Figure 1.3:  Time Line for Post-hatching Day 100+ Animals.  
26 
 
 
 
 
 
Figure 1.4: DNA Gel Showing Sex of Zebra Finch Subjects at Less than 10 Days Post Hatching.  
Two bars indicate a female (ZW) and one bar indicates a male (ZZ). 
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CHAPTER 2- THE EFFECTS OF NUTRITIONAL STRESS ON SINGING AND 
PARTNER PREFERENCES IN THE ZEBRA FINCH 
 In male zebra finches, stress during development has been shown to negatively affect 
song output in adulthood (Buchanan et al., 2004; Nowicki et al., 2002a; Spencer et al., 2004; 
Zann & Cash, 2008a).   This suggests that song output is indicative of a male’s developmental 
history (Nowicki et al., 2002) providing females with valuable information when choosing a 
mate.  Indeed, these song deficits are meaningful to females, as they overwhelmingly prefer the 
song of normally reared males (Nowicki et al., 2002b; Spencer et al., 2005).  Several studies 
have examined the effects of developmental stress on adult song using early life nutritional stress 
(see table 1).  In particular, studies employing increased parental foraging have shown reduced 
song complexity, shorter song bouts (Spencer et al., 2003; Spencer et al., 2005) and reduced 
syllable rate (Zann & Cash, 2008a) in adult male courtship song.  
Hormones play a central role in the development of song.  This process is particularly 
well understood in the zebra finch, in which large sex differences in the song system parallel 
differences in singing behavior.  Estradiol (E2) and testosterone (T) likely work in concert to 
produce song in adult males.  Estrogen alpha receptors (ERα) are first expressed the song system 
are HVC (proper name) at post hatch day 15 (Gahr, 1996), and ERα immunoreactivity decreases 
after post hatch day 40; both time points coincide with the opening and closing of the song 
learning period, respectively (Eales, 1985).   During this same period expression, androgen 
receptor expression (AR) increases and reaches its peak at the time ERα expression begins to 
decrease (Kim et al., 2004).  This pattern of expression may define the sensitive period for song 
learning, in that E2 may be responsible for maintaining plasticity during the sensitive period for 
song learning, while T closes this sensitive period (Schlinger, 1997).  It is therefore reasonable to 
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suppose that optimum levels of T exposure are necessary for the appropriate acquisition and later 
production of song.  Too little T could cause the song learning period to overlap with 
crystallization, thereby interfering with song output, and too much T could close the critical 
period early resulting in poorly learned song  (Schlinger, 1997). Indeed,  both reduced  and 
chronic high levels of T impair song learning (Korsia & Bottjer, 1991).   
In songbirds, brief periods of food restriction (lasting less than 12 hours) typically results 
in decreased level of T (Fokidis et al., 2013; Lynn et al., 2010).  However, long-term food 
restriction, over several weeks, has the opposite effect.  NS caused by experimental brood size 
enlargement has been shown to significantly increase levels of circulating T in stressed birds 
(Naguib et al., 2004; Spencer et al., 2004).  European starlings experience reduced repertoire 
sizes and elevated T in response to unpredictable food supply (Spencer et al., 2004).  When adult 
levels of T are administered to zebra finches from post hatch day 20 to post hatch day 40, song 
repertoire size is significantly reduced compared to controls (Korsia & Bottjer, 1991).  The 
timing of T administration determined the size of the effect in this study.  The greatest song 
deficits occurred when T was administered between post hatch days 20 through 40, regardless of 
whether it also began earlier, or continued later.  As the sensitive period for song learning lasts 
from post hatch day 25 through day 40, this suggests that experimentally increasing T has the 
greatest impact during this period. 
The effects on under-nutrition on hormones in human and rodents also lend support to 
this hypothesis. In humans, under-nutrition is associated with delayed onset of puberty (Azooz et 
al., 2001; Ferguson & Sedgwick, 1994).  In adult rats, periods of food restriction have been 
shown to reduce the number of androgen receptors in the testes of males and reduce levels of 
luteinizing hormones and follicle stimulating hormone in females (Santos et. al., 2004; Grewall, 
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Mickelsen et al. 1971).  Dams that have been subjected to food restriction during lactation have 
pups that show reduced aromatase expression in the testes and circulating plasma levels of 
estrogen, but increased levels of T 21 days after birth (Teixeira et al., 2007).   
 The effects of early life NS on adult song may not be due to direct energetic restriction, 
but to elevated levels of glucocorticoids due to activation of the hypothalamic-pituitary-adrenal 
(HPA) axis. Initial increases in corticosterone (CORT) release are likely an adaptive response to 
stressful stimuli (Wingfield et al., 1998).   Spencer and colleagues (2003) suggested, in fact, that 
NS may affect development of song via elevation of CORT. Indeed, animals treated with CORT 
during early life showed effects similar to NS animals, suggesting a shared mechanism (Spencer 
et al., 2003).  When CORT was measured at post hatching day 17 and day 35 in a study 
examining the effects of low quality diet on growth rate and stress, elevated CORT was found at 
both  time points in animals receiving a low quality diet (Honarmand et al., 2010).   This effect 
was more extreme at day 17 than at day 35.   In a hand rearing study, CORT was elevated at both 
day 10 and day 22, but levels had dropped by day 22, even though restriction was ongoing 
(Pravosudov & Kitaysky, 2006).  This suggests that increases in CORT during NS may be best 
detected near the onset of treatment. It also suggests that there may be compensatory 
mechanisms at the physiological level. 
 Female zebra finches are also susceptible to perturbations in development as a result of 
NS.  They experience the same growth delays as males when measuring body mass and wing 
length (Honarmand et al., 2010).  Selection theory would suggest that females should vary in 
their ability to discern the quality of song, making highly perceptive females more likely to 
secure a mate that would increase reproductive success (Andersson, 1994).  As such, it may also 
be the case that a period of NS during development could disrupt neural development associated 
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with song learning in females.  This would then have lasting effects on a female’s ability to 
discern high quality males from poor quality males.  Few studies have examined the effects of 
NS on the development of female song preference.  In one study, stimulus males all had normal 
song and no differences in song preference were found between NS and control females 
(Woodgate et. al., 2010).  In a follow-up study, females were given a choice between normal 
song, and song that had been digitally altered to sound like stressed song by deleting song 
syllables.  Both NS and control females preferred normal song over digitally altered song 
(Woodgate et. al., 2011).  However, deleting song syllables on a computer may produce a song 
that sounds very different to a female than song that naturally has a small repertoire sizes.  It is 
likely that even females with reduced discrimination ability were able to discern differences 
between the two and that a difference would be seen with song recorded directly from NS 
animals. 
 Using increased parental foraging to induce NS as in (Spencer et al., 2003) the goal of 
this study was twofold, first to examine the effects of early NS on the adult singing behaviors 
and partner preferences. Second, we examined the effects of NS on hormones and how hormone 
levels correlated with adult behavior in both males and females.    
Method 
Song Analysis 
 Song was recorded from two males at a time.  Each male was in a small test cage (39.5 x 
20.5 x 31.0 cm) containing 1 perch running horizontally through the center of the cage.  Each 
cage was equipped with an Optimus Omnidirectional Boundary Microphone connected to a 
laptop.  In between the two male cages was a third cage containing three stimulus females to 
elicit song. Males were kept visually isolated from the females until recording began with a piece 
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of cardboard placed between cages. Song was recorded from each male for 20 mins early in the 
morning-before 8:00 am. If sufficient song was not recorded, a second attempt was made the 
following morning with a different set of stimulus females.  It sufficient song was not recorded 
during the second attempt, these males were excluded from the analysis.  Sufficient song 
included a minimum of five bouts of song in 20 mins.  Audacity (version, city, state) was used to 
reduce background and break song recordings into measurable bouts. Each bout was analyzed for 
number of syllables, length (in seconds) and rate using Praat software (Ver 5.3.82, Amsterdam, 
The Netherlands).  Song rate was determined by dividing the number of syllables sung by the 
length, to determine syllables per second.  Average syllable number, length and rate were 
calculated for each animal. The final song sample included 7 NS and 7 control males. 
Two-choice test for mate preference 
Nine NS and 9 control females were subjects in this experiment.  However, several 
females either sat on the bottom of the cage or slept during the observation period.  These 
animals were excluded from the analysis. The final sample consisted of 7 control and 5 NS 
females.  During the experiment, a single female (NS or control)  was placed alone in a small test 
cage (39.5 x 20.5 x 31.0 cm) containing 1 perch running horizontally through the center of the 
cage.  Two stimulus cages of equal size were placed on either side of the test cage.   The 10cm 
perch closest to a stimulus cage was marked as a stimulus proximity zone (figure 2.1).  Each 
stimulus cage contained a male bird model affixed to perches in stimulus cages with jewelry wire 
and a small Dell computer speaker. Bird models were used to provide a visual stimulus to 
females. The speakers played either pre-recorded song from a NS male or pre-recorded song 
from a control male. Song recordings consisted of 30 seconds of song, followed by 30 seconds of 
silence for 20 mins, staggered so that one recording started with 30 seconds of silence and the 
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other with 30 seconds of song to prevent both recordings playing at the same time.  Tests 
subjects were kept in visual isolation from stimulus cages with a piece of cardboard placed 
between cages for 10 mins.  Observations lasted for 20 mins and total time spent in each stimulus 
proximity zone was recorded. The timing of song and treatment condition was counterbalanced 
across females. 
Blood Collection 
  Brains were collected by rapid decapitation, frozen in cold methyl-butane and stored at -
80°C for later analysis.  Immediately following decapitation, four capillary tubes of blood were 
collected from the trunk.  Blood was emptied into 1.5ml microcentrifuge tubes and centrifuged 
within 1 hour of collection.  Plasma was extracted and stored at -80°C until assay.   
Hormone Assay 
 To test levels circulating free T, E2, and CORT, plasma was diluted at a ratio of 1:5 
(plasma to assay buffer) for T and E2, and 1:10 for CORT.  Each hormone was tested at post 
hatch at days 25, 60 and greater than 100 days post hatch in both sexes.  Levels of T were 
estimated using the Testosterone Enzyme Immunoassay Kit (Cayman Chemical, #582251, Ann 
Arbor, MI); levels of E2 were estimated using the E2 Enzyme Immunoassay Kit (Cayman 
Chemical, #582701, Ann Arbor, MI).  Levels of CORT were estimated using the Corticosterone 
Enzyme Immunoassay Kit (Cayman Chemical, #500651, Ann Arbor, MI), which has been 
previously verified in zebra finches (Banerjee & Adkins-Regan, 2011).   
Statistical Analysis 
 To examine the effects of NS on male song, a minimum of 5 song bouts were analyzed 
for song rate length and number of syllable number.  Scores were averaged within each domain 
and analyzed with a Multivariate Analysis of Variance (MANOVA).  To examine the effect of 
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NS on female mate choice, the amount of time females spent in proximity to a single cage was 
converted into a percentage of the total time spent in proximity to either cage.  Proportion data 
are non-normal.  Therefore, proportions were arc sine transformed to allow for the use of 
parametric statistics.  Separate paired sample t-tests were run to examine mate preference for 
females in each condition.  Separate independent samples t-tests were conducted to test 
differences in the amount of time spent with cages between conditions. To analyze the results of 
the hormone assays, separate 2X3 (Treatment by Age) factorial ANOVAs were run. Post hoc 
LSD tests were run for any significant age effects. Several correlations were run to determine if 
there was a relationship between song attributes and measured hormones using Pearson’s r.   
Results 
Hormone Assays 
 For T, there was a significant effect of treatment; NS animals had higher levels of T than 
did controls (F(1, 56)=6.39, p<0.05).  There was also a significant effect of sex; males had higher 
levels of T than did females (F(1, 56)=7.37, p<0.01); and of age (F(2, 56)=5.24, p<0.01), such 
that subjects at post hatch day 60 had significantly higher levels of T than subjects at post hatch 
day 25 or 100+ (LSD, p<0.05). A significant interaction was found between age and sex (F(2, 
56)=6.32, p<0.01; figure 2.2A);  female zebra finches had significantly higher T at day 25 than 
males.  Males had higher T than females at both post hatch day 60 and day 90, with males having 
levels more than 10 times higher than females at day 60.  Another significant interaction was 
also found between age and treatment (F (2, 56)=4.33, p<0.05; figure  2.2B);  across all three 
ages NS animals had elevated T compared to controls, but this difference was largest at post 
hatch day 60.  An interaction was found between sex and treatment, though this was not 
statistically significant (F(1, 56)=3.77, p=0.06; figure 2.4C).  Finally, there was a three way 
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interaction between age and sex and treatment (F(2, 56)=4.47, p<0.05; figure 2.2D); at day 25, 
there were no differences between males in either treatment, however female NS subjects had 
higher levels of T than did control females.  Males in either condition had higher levels of T than 
females at post hatch day 60 and T levels in NS males were significantly higher than controls.  
At post hatch day 90, males still showed higher levels of T than females, but treatment effects 
were absent. The highest levels of T were observed in NS males at post hatch day 60, and the 
lowest levels in control females at the same age. 
 There were no significant main effects for circulating levels of E2 [age (F(2, 60)=0.478, 
<0.62), sex (F(1, 60)=0.50, p=0.48), treatment (F(1, 60)=0.52, p=0.47)].  Similarly, no 
interactions were observed between sex and age (F(2, 60)=0.14, p=0.87); between age  and 
treatment (F(2, 60)=0.49, p=0.62); between sex and treatment (F(1, 60)=0.13, p=0.72); nor was 
there a three way interaction between age, sex and treatment (F(2, 60)=0.90, p=0.41), see figure 
2.3 for a summary of these results (figure 2.3). 
 A significant main effect was found for CORT treatment (F(1, 55)=6.32, p<0.05; figure 
2.4A).  NS animals had significantly higher circulating levels of CORT than did controls.  A 
significant main effect was also found for sex (F(1, 55)=7.30, p<0.01; figure 2.4B); female 
subjects had significantly higher levels of CORT than did males. While subjects had the lowest 
levels of CORT at day 60, there was no overall significant effect of age on CORT levels (F(2, 
55)=3.04, p=0.06; figure 2.4C).  No interactions were observed between treatment and sex (F(1, 
55)=1.38, p=0.25); treatment and age (F(1, 55)=2.33, p=0.11); nor sex and age (F(2, 55)=2.31, 
p=0.11).  A three-way interaction occurred between treatment age and sex (F(2, 55)=10.64, 
p<0.001; figure 2.4D), such that the lowest levels of CORT occurred in control males at post 
hatch day 60, and the highest levels occurred in NS females at post hatch day 25. 
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 Correlations examining relationships among hormone levels were run for the full sample 
of birds from which plasma was successfully collected across both treatments, sexes, and all 
ages.  Only a moderate positive relationship between E2 and T (n=65) was observed (r=0.41, 
p<0.001).  Significant relationships were not observed between CORT and T (N=63, r=-0.04, 
p=.37) or E2 and CORT (N=67, r=-0.14, p=0.14).   Splitting the animals by treatment showed 
different relationships between hormone levels.  When examining control animals, there were no 
significant relationships among any of the measured hormones [E2 and T (n=35, r=0.08, 
p=0.32); E2 and CORT (n=33, r=0.12, p=0.26); T and CORT (n=31, r=-0.20, p=0.15)].  For NS 
animals, a significant moderate positive relationship was found between E2 and T (n=31, r=0.62, 
p<0.001) and a small negative relationship was found between E2 and CORT (n=32, r=-0.32, 
p<0.05).  There was no significant relationship in NS animals between T and CORT (n=32, 
r=15, p=0.21). 
Song in Males 
 For adult males a significant difference was not found for song rate (F(1,12)=0.01, 
p=0.94) or song length (F(1,12)=0.78, p=0.39).  However, a there was a significant treatment 
effect for syllable number, such that control male song had a significantly higher number of song 
syllables than did NS male song (F(1,12)=13.35, p<0.01; figure 2.5). 
 E2 (n=8) was not significantly related to any of the song domains measured [length 
(r=0.18, p=0.67); syllable number (r=-0.43, p=0.28);  song rate (r=-0.11, p=0.80)];  nor was T 
(n=8) [length (r=0.-312, p=0.45); syllable number (r=0.11, p=0.79); song rate (r=0.11, p=0.79)]. 
CORT (n=9) was not significantly related to song length (r=-0.03, p=0.94), or song rate (r=0.44, 
p=0.23), but was significantly negatively correlated with note type (r=-0.70, p<0.05). Higher 
levels of CORT were associated with fewer syllables per song bout. 
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Two-choice in Females 
 Six of the 7 control females preferred control males over NS males.  Overall, they spent 
significantly more time in proximity to the control males relative to the NS males (t(6)=2.54, 
p<0.05). Only two out of 5 NS females preferred control males.   Overall, they spent more time 
with NS males (59%), but this difference was not statistically significant (t(4)=-0.67, p=0.54).  
Independent samples t-tests revealed that, on average, control females spent significantly more 
time with control males (71%) than did NS females (41%) (t(10)=1.98, p<0.05).  The opposite 
was true for time spent with NS males. NS females spent significantly more time with NS males 
(59%) than did control females (29%) (t(10)=-1.94, p<0.05, figure 2.6).  Due to a small sample 
size of plasma successfully collected from adult females, correlation between hormone levels 
and time spent with either control of NS males were not performed. 
Discussion 
Male Song 
Research examining the effects of  NS during song development on adult song output 
lends support to the hypothesis that song may act as an indicator in female mate selection 
(summarized in Table 1.1). Studies employing increased parental foraging have shown reduced 
song complexity, shorter song bouts (Spencer et al., 2003; Spencer et al., 2005) and reduced 
syllable rate (Zann & Cash, 2008a) in adult male courtship song. These reductions in song are 
meaningful, as females exposed to recordings of control versus NS song overwhelmingly prefer 
the song of normally reared males (Nowicki. et. al., 2002b; Spencer et. al. 2005).  Based on these 
results, it was expected that a period of NS early in life would negatively impact social behaviors 
necessary for successful pairing in adults.  For males, this would mean a less attractive song, and 
for females, a decreased ability to choose a quality mate.  Previous studies employing increased 
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parental foraging have shown significant deficits in adult male song (Zann & Cash, 2008a).  The 
results of this study confirm decreased song complexity.  Males who experienced early life NS 
had fewer syllables in their songs compared to controls.  Surprisingly, there was not a reduction 
in song length or song rate. One possible explanation for this could be the simpler songs sung by 
the NS males.  NS males tended to use syllables that were shorter, thus making it easier to fit 
more syllables into one song bout.  Additionally, control males tended to use more introductory 
notes before beginning the first motif, increasing song length and reducing song rate (figure 2.7). 
A period of NS early life reliably causes deficits in adult male song; however the 
mechanism by which this occurs is unclear.  It has been shown that a period of NS early in life 
causes similar deficits to treatment with exogenous CORT (Spencer et al., 2003).  Therefore, the 
deficits associated with NS may be due, in part, to activation of the HPA axis.  Indeed, NS 
animals showed elevated plasma CORT compared to controls.  Surprisingly this effect seemed to 
be driven by females at post hatch day 25 (figure 2.4B).  If elevated glucocorticoids in early life 
are related to deficits in adult song, we would expect to see higher plasma CORT in NS males 
compared to controls at post hatch day 25, which we did not observe. We did find that elevated 
levels of CORT in adult males were related to fewer song syllables sung per bout in adult males, 
suggesting that elevated glucocorticoids in response to stress may play a role in song deficits in 
adulthood.  However, given the results in the post hatch day 25 animals, this correlation is 
difficult to interpret. 
A limitation to this study is that foraging itself was not observed.  If parents spent more 
time foraging, then fathers likely spent less time singing.  This would mean young males would 
have fewer opportunities to memorize their father’s song.  If this was the case, it would represent 
a significant confound for this study.  Future studies should examine foraging and singing in 
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adult males to ensure that adult song deficits are in fact due to NS and not due to decreased 
exposure to a song tutor. 
Steroid Hormones 
Steroid hormones play an important role in the development of male zebra finch song, 
and understanding the effects of NS on steroid hormones could shed some light on this process.  
E2 masculinizes zebra finches (Wade & Arnold, 2004), and increases in ERα in the song system 
are thought to be a catalyst for the opening of the sensitive period for song learning (Schlinger, 
1997).  T, on the other hand, is believed to close the sensitive period for song as AR expression 
increases in the song system at the same time the sensitive period for song learning is ending 
(Schlinger, 1997).  It was therefore hypothesized that one way in which NS could affect song 
would be to reduce levels of E2 compared to age matched controls and, at the same time, 
increase T.  
As expected, NS did cause an increase in T compared to controls, however this effect was 
driven primarily by males at post hatch day 60.  Without a similar effect at post hatch day 25, it 
is unknown whether the increase in T measured at day 60 would have appeared early enough to 
affect song learning.   There was no significant relationship between T and any measure of adult 
male song.  However, song was only compared to T in day 100+ males.  Longitudinal analysis of 
T within the same animal may yield different results. Though there was a positive relationship 
between T and CORT, this relationship was not statistically significant, making it difficult to 
attribute the increases in T to elevated glucocorticoids.  Chronic food deprivation has been 
shown to increase T in rats (Teixeira et al., 2007), whereas acute fasting, less than 10 hours, has 
been shown to decrease T in birds an  in tree lizards (Moore, Thompson, & Marler, 1991).  This 
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suggests a mechanism other than HPA activation acting on T during early life NS using 
increased parental foraging. 
There was a significant negative relationship between E2 and CORT, such that high 
levels of CORT were associated with low levels of E2 in NS animals. NS caused increases in 
CORT, which was associated with low levels of E2, suggesting the possibility that NS may 
lower E2, and may do so indirectly through elevated glucocorticoids.  However, there were no 
significant differences in E2 by age, sex or treatment, making the previous result difficult to 
interpret.  Evidence for sex differences in circulating levels of gonadal steroids in the developing 
zebra finch has been mixed.  Studies which have shown these differences, surprisingly report 
higher levels of T and E2 in females (Adkins-Regan, Abdelnabi, Mobarak, & Ottinger, 1990a).   
It is therefore unlikely that masculinization of the song system occurs as the result of fluctuations 
in gonadal steroids during development. Rather, it is estradiol produced in the brain that has been 
implicated in masculinization of the song system (Wade & Arnold, 2004).  However, that is not 
to say that neurally produced hormones do not respond to levels in the periphery.  For example, 
one hypothesis is that E2 is aromatized from T in male zebra finches; however, this hypothesis 
has been deemed incorrect, since castrated males actually show an increase in plasma E2 
compared to intact controls.  In this study we examined plasma hormone levels from the jugular 
vein, which in part, reflect neural steroid hormone levels (Newman et al., 2008).  Therefore, if 
NS decreased gonadal E2, yet increased neutrally produced E2 (or vice versa), the effect may not 
be detected.  
 It is also possible that the lack of effect in plasma levels of E2 was due to a 
methodological constraint.  We diluted plasma at a 1:5 ratio, plasma to assay buffer, as we did 
not have enough plasma to use a higher concentration.  As such, we may not have had the ability 
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to accurately detect levels of E2 in this study.  Indeed, the average levels of E2 in this study were 
less than half what has been measured in other studies examining jugular blood in zebra finches 
(Adkins-Regan et al., 1990b; Fokidis et al., 2013).  Levels of T for controls were similar to 
previous studies, whereas levels of CORT for control were slightly elevated (Adkins-Regan et 
al., 1990b; Fokidis et al., 2013).  However, this was to be expected as all animals were handled 
daily regardless of treatment condition. 
Female mate preference 
 Females are understudied in the NS literature.  To date, only a handful of studies have 
examined the effects of early life NS on female mate choice.  Previous studies examined mate 
choice in which both control and NS females were allowed to choose between several normally 
reared males (Woodgate, Bennett, Leitner, Catchpole, & Buchanan, 2010).  In a follow-up study, 
both NS and control females were allowed to choose between normal song and song digitally 
altered to resemble song produced by males reared under NS.  In these conditions, both NS and 
control females preferred the normal song (Woodgate et al., 2011).  In this study, we used song 
recorded from both control and NS males rather than digitally altered song.  As predicted, female 
controls showed a consistent preference for control song, while NS did not consistently choose 
either NS or control song. This result could suggest that NS females are not able to reliably 
discern stressed and unstressed song, and thus are unable to make a consistent choice for a 
quality mate.  However, when examining the amount of overall time females spent near stimulus 
cages, it was found that NS females spent significantly more time with NS males than did control 
females.  
 Assortative mating is a phenomenon by which pairs of animals mate based on similarity 
in genotype or phenotype.  Female zebra finches have shown assortative mating in an 
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experimentally enlarged brood size paradigm (Holveck & Riebel, 2010). It is possible that NS 
females are indeed able to discern differences between NS and control song, and simply prefer 
song from males that match their own phenotypic quality.  Unfortunately, half of the sample did 
not perform in the 2-choice test.  Increasing the sample size will aid in illuminating whether or 
not the effects seen in this study are due to impaired perception or assortative mating. 
 This study confirmed previous finding that NS detrimentally affects adult male song and 
that these detriments are significantly related to increases in CORT.  Additionally, a novel 
approach to examining female perception and mate choice was used wherein live song 
recordings were presented to females rather than digitally altered song.  The two-choice 
paradigm allowed rigorous experimental control, but lacked the validity that could be gained 
from the use of live males in a more naturalistic setting, where females have the choice of more 
than two males. Though this study examined an end result of early life NS on adult behavior, 
whether or not these effects are caused by direct energetic restriction (nutritional stress) or 
increased corticosterone (developmental stress) is still unknown.  The following chapter will 
explore the effect of the increased parental foraging paradigm on early life stress. 
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Table 2.1 The Number of subjects in each experiment 
  
Condition Total CORT T E2 Song 
2-   
Choice 
NS Male             
 
PHD25 7 7 6 6 
  
 
PHD60 5 3 4 4     
 
PHD90 9 6 6 6 7 
 Control Male             
 
PHD25 6 6 6 6 
  
 
PHD60 5 4 5 5     
 
PHD90 9 6 6 6 7 
 NSFemale             
 
PHD25 6 6 6 6 
  
 
PHD60 5 4 4 5     
 
PHD90 8 8 7 5 
 
5 
Control Female             
 
PHD25 7 6 5 6 
  
 
PHD60 8 5 7 8     
  PHD90 9 5 5 8   7 
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Figure 2.1.  Schematic of Two-Choice Paradigm Examining the Effects of Early Life NS on 
Female Mate Choice. The solid black line indicates the location of the central perch.  Gray areas 
indicate proximity zones to stimulus cages. Percent of time females spent in each proximity zone 
was computed out of the total time spent in either proximity zone. 
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Figure 2.2:  The Effect of NS on Plasma Levels of T.  Plasma levels of T were measured in 3 
separate groups of finches aged post hatch day 25, 60 and 90 respectively. A) Males had higher 
levels of T than females at post hatching day (PHD) 60, but not 25 or 90. B) NS animals had 
higher levels of T at day 60 than did controls, but not at day 25 or day 90. C) NS males had 
higher levels of T than did control males.  D)  A three way sex X treatment X age interaction 
showing that the effects are driven by a large difference between NS and control males at day 60.  
All figures display plasma T (pg/ml) on the Y axis. NS = nutritional stress; T = testosterone. 
† p<0.06, * p<0.05, ** p<0.01 
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Figure 2.3: The Effect of NS on Plasma Levels of E2. Plasma levels of E2 were measured in 3 
separate groups of finches aged post hatch day (PHD) 25, 60 and 90 respectively No significant 
differences were found between NS and control animals at any age. NS = nutritional stress; E2 = 
estradiol. 
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Figure 2.4:  The Effect of NS on Plasma Levels of CORT.  Plasma levels of CORT were 
measured in 3 separate groups of finches aged post hatch (PHD) day 25, 60 and 90 respectively 
A) NS animals had higher levels of CORT than did controls B) Female zebra finches had higher 
levels of CORT than did males. C) CORT was lowest at day 60 across all groups. D)  A three 
way sex X treatment X age interaction showing that the effects are driven by a large difference 
between NS and control females at day 25.  All figures display plasma CORT (pg/ml) on the Y 
axis. NS = nutritional stress; CORT = corticosterone.  † p<0.06, * p<0.05, ** p<0.01 
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Figure 2.5:  The Effects of NS on Adult Male Song. Song length, rate and the number of song 
syllables were measured.  There was no significant effect of NS on song length or song rate.  
Males in the NS condition had significantly fewer syllables in their song compared to males in 
the control condition. NS = nutritional stress. * p<0.01. 
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Figure 2.6: Percent of Time Spent by Females in Proximity to Stimulus Males.  The amount of 
time each female spent near its preferred males was converted to a percent of total time spent 
with either male. A) Control females spent more time with control males than with NS males. B) 
Control females spent more time with control males than did NS females C) NS females spent 
more time with NS males than did control females. NS = nutritional stress. * p<0.05. 
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Figure 2.7: Examples of Song Bouts by NS and Control Males. A) a normal control male and B) 
a male that experienced early life NS.  Tonal notes (shown by red lines) typically present in 
normal male zebra finch song were absent NS males, and replaced with simpler notes such as 
additional introductory, flat and noisy notes. NS = nutritional stress. 
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CHAPTER 3 - THE EFFECTS OF NUTRITIONAL STRESS ON THE TRANSITION TO 
ADULT-LIKE PREFERENCES 
 The developmental stress hypothesis (DSH) (Buchanan et al., 2003) suggests that early 
life stress can have lasting effects on adult behavior.  The DSH has been studied extensively in 
songbirds, predominantly focusing on deficits in adult male song after a period of nutritional 
stress (NS) early in life (Spencer & MacDougall-Shackleton, 2011). Only a handful of studies 
have examined female mate choice (Woodgate et al., 2010; Woodgate et al., 2011).  In these 
studies no differences were found between NS and normally-reared females.  However,  control 
and NS females were either exposed to a selection of normally reared males (Woodgate et al., 
2010) or recordings of normally reared males, where half of the recording had been digitally 
altered to resemble NS male song (Woodgate et al., 2011).   Typically, these studies examine the 
effects of NS on behavior before post hatching day 30 and then in adulthood without examining 
behavior in the intervening juvenile period.  This approach suggests a direct effect of early life 
stress on adult behavior.  However, studying physiological and behavioral changes throughout 
development could provide further insight into the mechanisms by which early life stress 
contributes to behavioral deficits in adulthood. 
 From hatching to adulthood, plasma levels of steroid hormones fluctuate.  In male zebra 
finches, levels of testosterone (T) peak just after hatching (Adkins-Regan et al., 1990b) and 
decrease markedly by post hatching day 12.  In both males and females, levels of T then increase 
around post hatching day 29, and then decrease again (Adkins-Regan et al., 1990b).  This 
increase is slightly higher, and lasts slightly longer, in females than in males.  Estradiol (E2) 
peaks for both males and females at hatching (Adkins-Regan et al., 1990b). High levels of E2 are 
observed again in males at day 12, then again at day 29, decreasing slightly until leveling off 
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around day 34 (Adkins Regan et al., 1990).  In females, there is also a peak in E2 at day 12, but 
this is much smaller than the peak in males.  Instead, females show a steady increase in E2 
beginning at day 29 that levels off at day 44 (Adkins Regan et al., 1990). 
 An important behavior emerging during this juvenile period is the formation of opposite-
sex preferences.  Under normal conditions, the juvenile zebra finch maintains almost exclusive 
contact with family members (Zann, 1996).  Zebra finches become independent of their parents 
around day 45 (Zann, 1996) and, during this period, begin to show interest in opposite-sex birds.  
Sexual maturity occurs between days post hatching days 60 and 90, after which birds form a 
monogamous relationship with an opposite-sex bird that lasts a lifetime (Zann, 1996).  
Evidence suggests that hormones may account for the transition to adult-like opposite-sex 
preferences. Administration of T from days 25 to 90 decreases the  latency to develop an 
opposite-sex preference over preference for the family or same-sex conspecifics (as tested in a 3-
choice paradigm) in the male zebra finch (Adkins-Regan & Leung, 2006a). The development of 
attraction to opposite-sex animals can be delayed in females by co-administration of ATD (an 
estrogen synthesis inhibitor) and flutamide (an androgen receptor antagonist) (Adkins-Regan & 
Leung, 2006a), which suggests that the development of sexual partner preferences is modulated 
by steroid hormones.  ATD+Flutamide treatments do not alter preferences in males, although this 
could be because ATD is not as an effective as an estrogen synthesis inhibitor as fadrozole is in 
this species (Wade & Arnold, 1994).    
 Early life stress affects hormone levels in birds. NS caused by experimental brood size 
enlargement has been shown to significantly increase circulating testosterone levels (Naguib et 
al., 2004; Spencer et al., 2004).  European starlings experience reduced repertoire sizes and 
elevated T in response to unpredictable food supply (Spencer et al., 2004).  The effects of early 
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life stress on E2 are not well understood in birds. In humans, however, stress caused by rapid 
and/or severe weight loss, as in the case of Anorexia nervosa, can delay menarche, pointing to a 
delay in the surge of E2 (Cachelin & Maher, 1998).  In rodents food restricting dams during 
lactation leads to pups with reduced circulating plasma levels of E2 (Teixeira et al., 2007).  
 Based on the effects of food stress on hormones and the effects of hormones on opposite-
sex preferences, I predicted that a period of NS early life would affect the development of 
opposite-sex preferences in both male and female zebra finches.  I hypothesized that nutritionally 
stressed juvenile male zebra finches would develop an earlier preference for opposite-sex 
animals over family or same-sex individuals than controls, and that this would correlate with 
increases in plasma T, described in chapter two.  I also hypothesized that NS would delay 
opposite-sex preference formation in female zebra finches, and would be accompanied by 
decreased levels of plasma E2.  I predicted no effect of NS on T or the development of opposite-
sex preferences in females, as experimentally increasing T does not affect partner preferences in 
female zebra finches (Adkins-Regan, 1999). 
Method 
Three-choice tests for social preference 
 Prior to the experiment, subjects from the Day 100+ condition were housed in a cage 
containing their parents and siblings, as well as other breeding pairs of adults and their offspring, 
as in Adkins-Regan and Leung (2006).  During the experiment, subjects were placed alone in a 
small test cage (39.5 x 20.5 x 31.0 cm) containing 2 perches running through the center of the 
cage.  Three stimulus cages of equal size were placed around the observation cage.   The 10cm of 
perch closest to each stimulus cage was considered the stimulus proximity zone (figure 3.1).   
One stimulus cage contained the test subject’s family (parents and any siblings), another 
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contained the same number of same-sex animals and the third, the same number of opposite-sex 
animals.  During habituation to the cage (10 mins), test subjects were kept in visual isolation 
from stimulus animals by placing cardboard between cages.  Observations lasted 15 mins and the 
total time spent in each stimulus proximity zone was recorded.  Each subject was tested weekly 
for 4 weeks beginning around post hatch day 50 (ages ranged from post-hatch day 47-73 across 
all subjects).  This time frame was chosen to capture the transition to adulthood, as zebra finches 
become independent from their parents around post hatch day 45 and  sexually mature between 
post hatch days 60 and 90 (Zann, 1996).   
Statistical Analysis 
 Due to a non–normal distribution of data, preferences were analyzed with non-parametric 
tests.  Preference was determined as the stimulus proximity zone a test animal spent greater than 
1/3 of their time.  Data were summarized similar to Adkins-Regan and Leung (2006) as the 
number of animals in each condition that preferred each stimulus type each week.  Data were 
then analyzed using a Friedman test, measuring changes in numbers of animals preferring the 
opposite-sex, same-sex or family across and within time points.  Between groups contrasts were 
analyzed with Mann Whitney U and within group contrasts were analyzed using Wilcoxon tests.   
Results 
3-Choice Test for Opposite-Sex Preferences 
Control Males 
 Control males increasingly preferred females throughout development, as shown in figure 
3.2B; however, this increase was not statistically significant (χ2 (3, n=11) =5.50, p=0.14).  
Preference for other males did not change over time (χ2 (3, n=11) =1.39, p=0.71).  A greater 
number of control males showed a preference for family at weeks 1 and 2, although this 
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preference was not statistically significant at week 1 (χ2 (2, n=11) =1.27, p=0.53) or week 2 (χ2 
(2, n=11) =5.09, p=0.08). Preference for family decreased significantly from week 2 to week 4 
(χ2 (3, n=11) =8.0, p<0.05), see figure 3.2A.   
NS Males 
 The number of NS males preferring females significantly increased over time (χ2 (3, 
n=11) =12.24 p<0.01), see figure 3.2B.  By week 3, the number of males preferring females was 
significantly higher than males preferring other males or family members (χ2 (2, n=11) =16.54, 
p<0.001), figure 3.2B.  Though a greater number of NS males preferred females at week 3 than 
did controls, this difference was not statistically significant (U=49.5, p=0.40; fig. 2C). NS males, 
like control males, showed no change in preference for other males over time (χ2 (3, n=11) =2.11, 
p=0.55).  Similarly, the number of NS males preferring family decreased over time, but, unlike 
control males, this effect was not statistically significant (χ2 (3, n=11) =4.9, p=0.17).   
Control Females  
  A greater number of control females preferred males compared to opposite-sex 
individuals or family across the first 3 weeks [week 1 (χ2 (2, n=11) =5.09, p=0.08); week 2 (χ2 (2, 
n=11)=5.09, p=.08); week 3 (χ2 (2, n=11)=16.54, p<0.001)].   Preference for males was not 
significant at week 4 (χ2 (2, n=11) =2.36, p=0.30).  Despite a significant increase from weeks 2 to 
3 in the preference for  opposite-sex animals, overall changes across the 4 weeks were not 
statistically significant (χ2 (3, n=11)=4.10, p=0.24). There was no significant change in 
preference for other females (χ2 (3, n=11) =4.26, p=0.23) or family members across the 4 weeks 
(χ2 (3, n=11) =1.94, p=0.59) (figure 3.3A). 
NS Females 
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 The number of NS females preferring males increased over time (χ2 (3, n=11)= 8.53, 
p=0.05).   In contrast to control females, a significant preference for males did not emerge until 
week 4 of testing (χ2 (2, n=11) =16.54, p<0.001, figure 3B).  Less than half of NS females 
preferred males across the first 3 observations.  Thus, there was a significant increase in the 
number of NS females preferring males from week 3 to week 4 (Wilcoxon T=31.5, p<0.05).  
The number of NS females preferring females (χ2 (3, n=11) =2.11, p=0.55) and family (χ2 (3, 
n=11) =6.09, p=0.10) did not change significantly across the 4 tests, see figure 3.3B.  In line with 
these results, between groups contrasts showed that significantly more control females preferred 
males at Time 3 than did NS females (U=27.5,  p<0.05, figure 3.3C).  
Discussion 
 The present study shows that nutritional stress led to a premature opposite-sex preference 
in males compared to controls.  These findings are similar to those of Adkins-Regan and Leung 
(2006) in males treated with T.  The results shown here may be driven by a similar mechanism, 
as NS males (discussed in chapter 2) had elevated levels of T at post hatch day 60, which 
coincides with the emergence of the opposite-sex preference described here. 
 Control females preferred males during all four observations, with all but one female 
preferring the opposite-sex over family or same-sex at week 3.  Females did not change their 
preference for family members, similar to previous findings (Adkins-Regan and Leung, 2006); 
however, in that study, a larger number of females preferred family members (between 35 and 
60%)  than we report here (10 to 30%).  This could be due to our testing period, which began 
later (at post hatching day 50 vs. day 30 in the previous study). In the previous study, preference 
for family members typically declined at day 50 (Adkins-Regan and Leung, 2006).  We 
hypothesized that NS females would show a delay in the development of the opposite-sex 
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preference due to decreased levels of E2 during this period.  Indeed, NS females showed no 
preference for any group until week 4, when all but one of the NS females preferred males. In 
chapter 2, control females had twice the plasma E2 as NS females at post-hatch day 60, though 
this difference was not statistically significant.  Thus, further study is needed to examine the 
relationship between NS as E2. 
 This study shows that early life NS has implications for adult behavior beyond deficits in 
adult male song.  Food stress ended at post-hatch day 30, yet the behavioral effects in both males 
and females were still apparent 30 days later.  It may be that song deficits are not the only 
behavioral effects that contribute to changes in mating behavior in the wild.  NS females showed 
a male preference 1 week later than control females.  Males often travel to new flocks before 
finding a mate (Zann, 1996).  Therefore, NS females could miss out on potential pairs due to lack 
of interest.  Additionally, control females have been shown to consistently prefer control over NS 
song (Nowicki et al., 2002a; Spencer et al., 2005).  Therefore, given a group of NS and control 
males, by the time NS females become interested in the opposite-sex, the best mates may have 
already been taken.   
 Taken together, these results further support the hypothesis that sex steroids may 
modulate the development of opposite-sex preferences in the zebra finch.  Ideally, the animals 
tested for behavior would have been the same as those tested for hormone levels at post-hatch 
day 60.  Future research in this area would benefit from plasma collected each week of testing to 
determine that behavior was directly correlated with levels of T and E2.   Finally, we have 
demonstrated other behaviors affected by early life NS beyond adult male song.  The extent to 
which NS affects other adult and juvenile behavior is still unclear.   The following chapter will 
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further this understanding by examining the role of increased parental foraging as it relates to 
social stressors. 
  
58 
 
 
 
 
 
 
Figure 3.1:  Schematic of 3-choice Testing Paradigm.  A single test animal was placed into the 
central cage.  Stimulus cages on three sides contained the test animal’s family (parents and 
siblings), opposite-sex animals or same-sex animals.  The stimulus proximity zones are indicated 
in grey. 
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Figure 3.2: The effects of NS on the Development of Opposite-Sex Preferences in Male Zebra 
Finches.  A) The number of control males preferring animals in each stimulus condition across 4 
observations. More control males preferred family members in the 2nd week († p=0.08).  This 
preference for family had decreased significantly by the 4th observation (*p<0.05).  B) The 
number of NS preferring animals in each stimulus condition across 4 observations.  Initially 
more NS preferred family members, but then showed a non-significant preference for females by 
the 3
rd
 week. C) Comparison of the number of control and NS males preferring females. NS 
males showed a significant preference for females during the 3rd week of testing. Control males 
did not. Sample size: 11 NS males and 11 control males. NS = nutritional stress; PHD = post 
hatching day. 
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Figure 3.3: The Effects of NS on the Development of Opposite-Sex Preferences in Female Zebra 
Finches.  A) Control females spent significantly more time with males for the first 3 weeks of 
observations († p=0.08; ***p<0.001).  B) NS females show no preferences during the first 3 
weeks of testing.  At week 4, there was a significant preference for males, and this was a 
significant increase from the preference at week 3 (*p<0.05).  C) Significantly more control 
females preferred males than did NS females during week 3. Sample size: 11 NS females and 11 
control females. NS = nutritional stress; PHD = post hatching day.  
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CHAPTER 4 - THE EFFECTS OF EARLY LIFE NUTRITIONAL STRESS ON 
AGGRESSION AND STRESS RESPONSE PHYSIOLOGY 
 The developmental stress hypothesis (DSH) (Buchanan et al., 2003) suggests that early 
life stress can have lasting effects on adult behavior.  The DSH has been studied extensively in 
songbirds, predominantly focusing on deficits in adult male song after a period of nutritional 
stress (NS) early in life (Spencer & MacDougall-Shackleton, 2011).  One popular method to 
induce NS in birds has been to mix seed husks with seed at a ratio of 1:3 (Brumm et al., 2009; 
Spencer et al., 2003; Spencer et al., 2005; Zann & Cash, 2008a).  In this paradigm, parents are 
forced to spend more time foraging for food, presumably upsetting the balance between their 
own energetic needs and those of their young. The assumption with this paradigm is that parents 
will spend a greater deal of time foraging and less time taking care of hatchlings, thus causing 
the hatchlings to experience food deprivation.  However, some evidence suggests that parents do 
increase foraging in response to the needs of their young.  Blue tits (Tripet & Richner, 1997) and 
cowbirds (Hauber & Montenegro, 2002) increase provisioning when young are infested with 
parasites.   Great tits (Patrick & Browning, 2011) and kestrels (Dijkstra et al., 1990) increase 
provisioning in response to experimental brood size enlargement.  This suggests that food 
restriction during the nestling period may not be the only cause of song deficits in male zebra 
finches, but may also be due to the effects of increased foraging on the adults in the colony.  
Indeed, zebra finch parents will provision their young at an energetic cost to themselves (Lemon, 
1993).  Therefore, it is likely both parents and juveniles experience food stress during the 
nestling period. 
 Zebra finches are typically not very aggressive (Zann, 1996); however, some aggression 
occurs under normal circumstances.  If increased foraging causes food stress in the entire colony, 
and not just offspring, this would increase competition and aggression. Food restriction increases 
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aggression among siblings, known as nest mate competition (London, Dong, Replogle, & 
Clayton, 2009; Mora et al., 1996).  Food stress can also destabilize social groups and increase 
aggression among adults (Fokidis et al., 2013).  Aggression can also come from parents and 
typically increases in response to food begging during the weaning period in birds (Raihani & 
Ridley, 2008).  Other causes of adult attacks on fledglings under normal circumstances come 
from adults in the colony other than the parents.   As increased foraging causes food stress in the 
entire colony, it is likely that this method will result in increased aggression towards offspring 
from adults.  In particular, parents are expected to increase their aggression in response to food 
calls in an attempt to relieve themselves of the extra foraging burden.     
 Under these circumstances, the early life stress caused by increased parental foraging 
may cause by engagement of the hypothalamic-pituitary-adrenal (HPA) axis above and beyond 
what is typically seen during periods of food restriction. Studies using increased parental 
foraging have not been able to identify increases in CORT (as an indicator of activation of the 
HPA axis) after NS (Brumm et al., 2009; Spencer et al., 2003; Zann & Cash, 2008a).   One 
possible reason for this is that CORT is only elevated for a brief period following the onset of the 
stressor (Pravosudov & Kitaysky, 2006).   Thus, studies measuring CORT in adulthood would 
not see an effect of early stress on CORT levels.   Increased parental foraging may cause stress at 
intermittent time points, the first being at the onset of food restriction, typically at 5 days post 
hatching or younger.   If parents increase their provisioning rate to compensate for the food 
restriction, this period would be brief.  Given the potential increase in social aggression due to 
food competition, another period of stress could occur during weaning, as fledglings learn to 
forage for themselves in an aggressive environment.  This would mean increased parental 
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foraging would be marked by multiple periods of acute stress, rather than a single period of 
chronic stress.   
In humans, the duration of early life stress determines the severity of the effects on adult 
behavior.  Chronic early life stress is a precursor to mood and anxiety disorders (Heim, Newport, 
Mletzko, Miller, & Nemeroff, 2008).  Chronic early life stress has also been shown to increase 
the susceptibility to stress in adult rodents (Veenema, Reber, Selch, Obermeier, & Neumann, 
2008).  Intermittent stress in early life, however, seems to have a protective effect against stress 
in adulthood.  Monkeys that experience brief periods of separation from their mothers during 
development display  less anxiety than controls in a novel environment (Lyons, Parker, & 
Schatzberg, 2010).   
 The physiological responses to early life stress can also cause short- and long-term 
changes in the brain.  These responses evolved to provide an organism with increased energy, 
cardiovascular tone, immunosuppression and analgesia; functions necessary to respond to short-
term environmental pressures (Sapolsky, Krey, & McEwen, 2002). In response to the stress, the 
paraventricular nucleus of the hypothalamus (PVN) releases corticotrophin releasing hormone 
(CRH). CRH signals the pituitary gland to release adrenocorticotropin (ACTH), which finally 
acts upon the hypothalamic pituitary adrenal axis, causing the release of glucocorticoids from the 
adrenal gland.  Corticosterone (CORT) the major glucocorticoid in birds (Shahbazi, Schmidt, & 
Carruth, 2011) facilitates this response, in part by improving energy efficiency by inhibiting 
growth, digestive and reproductive processes (Sapolsky et al., 2002).  Though beneficial in the 
short-term, long-term exposure to environmental stress causes detriments to psychological and 
physiological function [see McEwen (2006) for review].    High levels of CORT activate 
glucocorticoid (GR) receptors, which play a critical role in mediating the negative effects of 
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CORT on the brain (Krugers, Goltstein, Van der Linden, & Joels, 2006).   Both CRH mRNA and 
GR mRNA are expressed in the PVN of zebra finches (Liu et al., 2001; Shahbazi et al., 2011).  
Expression of  CRH is directly related to acute stress,  such that increases in CORT increase 
CRH expression in the PVN (Liu et al., 2001).  GR expression, in contrast, decreases in the PVN 
of zebra finches in response to chronic early life stress (Banerjee, Arterbery, Fergus, & Adkins-
Regan, 2012).   
 The goal of this study was to explore increased parental foraging as a social, as well 
nutritional, stressor. Zebra finches were exposed to NS via increased parental foraging from days 
3 to 33 post hatch.  For 7 weeks, beginning at post hatch day 20 (fledging), the colony was 
observed for aggressive activity.  Measures of CRH and GR mRNA in the PVN were obtained 
from zebra finches at post-hatch days 25, 60 and adulthood (greater than 100 days post hatch).   
If increased parental foraging is only a food stressor, I expected to see increases in increased 
expression of CRH mRNA in the PVN at day 25, but not days 60 or 100+, when birds are no 
longer food restricted.  If increased parental foraging is a chronic stressor, creating an aggressive 
environment by stressing the entire colony, then expression of GR mRNA would be predicted to 
decrease with age and be lowest in NS animals in adulthood.  This would also be evident by 
adult behavior in a novelty suppressed feeding task. 
Method 
Observations 
 Subjects were observed in their home cage once per week from post hatch day 20 to 62 
for a total of 7 observations (n=6 control males, n=7 NS males, n=6 control females and n=6 NS 
females).  Across the 7 weeks, the following behaviors were observed the total number of 
aggressive behaviors perpetrated or received by the subjects and time spent begging or calling 
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for food.  Additionally, whether or not the aggressor was a parent, non-parent adult, or another 
other juvenile (sibling or non-sibling) was recorded. Observed behaviors are defined in table 1.  
Novelty suppressed feeding  
The novelty suppressed feeding test was adapted from Kelly et al. (2011). Twenty-four 
hours before the test, 6 animals were moved into a smaller cage.  The following morning, just 
prior to “lights on,” the food dish was removed and kept out for 1 hour.  At the end of the hour, 
birds were placed individually into small observation cages (39.5 x 20.5 x 31.0).  Each cage 
contained seed, water and a blue nitrile glove hanging over the food dish.  The location of the 
seed and glove were randomized across subjects.  Two observers blind to treatment conditions 
recorded latency to feed.  If birds still had not eaten any seed by the time five mins had passed, 
then their time was recorded as five mins.  The protocol was repeated until all subjects had been 
tested. The final sample included the following adult animals: n=12 control male, n=10 NS male, 
n=12 control female and n=9 NS female. 
Histology 
Brains collected from animals at post hatching days 25, 60 and 100+ were sectioned 
coronally (20µm) on a cryostat and mounted onto Super Frost Plus slides (Fisher Scientific, 
Hampton, NH).  Six series of sections representing the whole brain were collected and stored at -
80°C with dessicant.  
Nissl Staining 
 In order to locate the PVN in each brain, one series from each brain was Nissl stained.  
Slides were fixed in potassium buffered formalin, dipped in Nissl stain for 5 mins, and then 
rinsed in distilled water.  After a second rinse in distilled water they were dehydrated in a series 
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of ethanols increasing in concentration, the first of which contained glacial acetic acid to allow 
for better contrast and visualization of cells. Slides were cover slipped with DPX. 
Fluorescence in Situ Hybridization 
 Genes coding for the following were used: CRH (GENBANK: NM_001245612), GR 
(GENBANK: XM_002192952).  Primers (CRH: Forward- AGACCCGTTGGCTCTTTCTC, 
Reverse- ACTGCGGAATCTCTTTGGCA; GR: Forward- GTGGAGCTACTGTCCAAGCC, 
Reverse- CGATCCCTGGCACCTATTCC) were developed using the National Center for 
Biotechnology Information primer tool and polymerase chain reaction was conducted on reverse-
transcribed isolated RNA to obtain DNA.  Probes were prepared using Roche Applied Science 
DIG RNA labeling kits for GR mRNA and Biotin kits for CRH mRNA (Indianapolis, IN) 
according to manufacturer’s instructions.  Correct product size of probes (CRH = 487 bp, 
beginning at 557bp of the published sequence; GR = 992bp, beginning at 110bp) and sequence 
identity were confirmed using the Wayne State Applied Genomics Technology Center and  the 
BLASTn tool on the NCBI database.  Dot blot assays were used to determine ideal probe 
concentrations (1:100 for CRH; 1:750 for GR). 
Double-label Fluorescence in Situ Hybridization 
In situ hybridization was conducted as in (Thompson et al., 2011).  Briefly, slides were 
brought to room temperature, fixed in 3% paraformaldehyde and rinsed in phosphate buffered 
saline (PBS).  Slides were incubated for 10 min in 0.1M triethanolamine hydrochloride with 
0.25% acetic anhydrate, then rinsed three times in 0.2M sodium phosphate, sodium chloride and 
EDTA (SSPE), dehydrated in ethanols and air dried for 10 min.   Slides were hybridized 
overnight at 55°C in 200µl of hybridization buffer containing both probes. 
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Post-hybridization was accomplished as follows: parafilm coverslips were removed by 
rinsing in 2X SSPE, than washed in 2X SSPE at room temperature for 30 min on a shaker. This 
was followed by a wash in 2X SSPE/50% formamide for 1 hour and 65°C, then washed two 
times in 0.1X SSPE for 30 min at 65°C.  Anti-DIG-FITC signal detection was accomplished by 
incubating slides in 0.3% hydrogen peroxide in TNT buffer for 10 min followed by rinsing slides 
in TNT buffer for 3 X 5 min on a shaker.  Slides were then be washed in TNB buffer (TNT 
buffer with 2mg/BSA) for 30 min, then incubated  in TNB buffer containing Anti-DIG-POD 
antibody (1:100; 10 μg/ml, Roche Diagnostics, Indianapolis, IN) for 2 hours, followed by further 
washes. This was followed by incubation for 30 min in a 1:100 tyramide-conjugated fluorophore 
in manufacturer’s buffer (Alexa 488, Molecular Probes, Carlsbad, CA). Slides were then 
incubated in 0.3% Hydrogen peroxide in TNT buffer for 10 min, then washed for 5 mins in TNT 
buffer.  For Biotin detection, slides were incubated for 1 hour in TNT buffer containing Anti-
Biotin antibody (1:500; 10µg/ml) and 30  min in a 1:100 tyramide-conjugated fluorophore in 
manufacturer’s buffer (Alexa 594, Molecular Probes, Carlsbad, CA).  After a final series of 
washes, the slides were cover slipped with Slow Fade (Molecular Probes, Carlsbad, CA), dried in 
a light proof box overnight, and the edges were sealed with clear nail polish the following day.  
Quantification of FISH  
Slides were analyzed using a Nikon (Eclipse 80i) microscope with Nikon Elements (AR 
3.0) software.  The PVN was first be located in adjacent sections stained with thionin using 
brightfield microscopy, with the aid of Nixdorf-Bergweiler and Bischof’s zebra finch atlas. For 
each section, two separate images were analyzed, FITC illuminating cells expressing GR, and 
TRITC illuminating cells expressing CRH.  Observers who were blind to treatment groups 
quantified the number of cells in each brain area, using a standard counting threshold across 
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sections to insure comparable staining intensity among counted cells.  Cells were counted in 6 
sections per animal (3 in each hemisphere), using a 256 x 196 µm
2 
box placed in the center of the 
PVN (in the medial-lateral plane) for each section. The average number of cells expressing CRH 
and GR were calculated for each individual within each brain region.   
Analysis 
 The total number of aggressive acts received was counted for each bird at each 
observation and a 2 x 2 x 3 mixed ANOVA (Sex x Treatment x Time) was run to examine the 
effects of NS on aggression, aggressive acts perpetrated by the subjects as well as food begging 
and food calls.  Food begging and food calls were analyzed for only the first 4 weeks of 
observations only, as these behaviors were no longer observed in any subject after this time.  To 
examine which birds in the home cage were perpetrating the most aggression against the 
fledglings, separate 2 x 7 mixed ANOVAs (Treatment x Time) were run.  Latency to feed during 
the novelty suppressed feeding test was analyzed using a 2 x 2 (Sex x Treatment) ANOVA. 
Separate 2 x 2 x 3 ANOVAs (Sex x Treatment x Age) were run for GR and CRH mRNA.   
Results 
Observations 
 The average number of aggressive acts received decreased slightly over time, but this was 
not significant (F(6,21)=1.52, p=0.18).   Time also did not interact with sex (F(6,21)=1.35, 
p=0.24) or treatment (F(6,21)=0.35, p=0.91).  The between groups effects showed that, over the 
entire 7 week observation period,  NS subjects were the recipients of twice as many aggressive 
acts as controls (F(1,21)=17.85, p<0.001), figure 4.1.   A sex difference was also found, in that 
males received more aggression than did females (F (6, 21) =5.71, p<0.05).   This was driven by 
a sex by treatment interaction, in which male NS birds received the highest number of aggressive 
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actions, and there was no difference between male and female controls (F(1,21)=4.35, p<0.05); 
figure 4.1A).  I then examined aggression before and after the NS had been removed. Splitting 
the observations into two groups by grouping aggression received in the first 4 weeks (during 
NS) and aggression received in the last three weeks (after NS) showed that subjects experienced 
significantly less aggression in the second half of testing than the first (F(1,21)=8.12, p<0.01).  
Grouping the observations also exposed a three way interaction between time, sex and treatment 
(F(1,21)=4.72, p<0.05), such that NS males showed significantly more aggression during the 
first observations compared to other subjects, and NS females showed no change in aggression 
received over time (figure 4.1B). 
 Overall, relatively few aggressive acts were perpetrated by the subjects and averages in 
each treatment group were less than 1.0 for each observation.  A mixed factorial ANOVA 
showed no effect of time on aggressive acts perpetrated (F(6,21)=1.42, p=0.21).  There was no 
interaction of time with treatment (F(1,21)=0.81, p=0.44), or sex (F(1,21)=0.21, p=0.79).  
Between groups comparisons showed that control birds were slightly more likely to be 
aggressive than NS birds (F(1,21)=3.63, p=0.07; figure 4.2A). In fact, no aggressive behaviors 
were recorded for any NS male during any observation.  Comparing the first 4 observations to 
the last observations showed that subjects were slightly more likely to be aggressive during the 
second half of testing, although this effect was not statistically significant (F(1,21)=3.47, p=0.08; 
see figure 4.2B). 
 In examining from whom the fledgling received aggression, it was found that aggression 
came from parents primarily in the first week of testing, with a non-significant decrease over 
time (F(6, 23)=0.92, p=0.48).  The average number of attacks received by parent was similar 
between NS and controls (F(1,23)=0.02, p=0.89).  Across all subjects, attacks from non-parent 
70 
 
 
 
adult males began during the second week of testing, then significantly decreased across time 
(F(6, 23)=3.68, p<0.01).  Despite a higher number of attacks from non-parents occurring for NS 
animals during weeks two through six, there was no significant interaction between treatment 
and time (F(6,23)=1.01, p=0.42). However, overall, NS juveniles received significantly more 
attacks from non-parent adults (F(1,23)=15.45, p<0.001).  The average number of attacks 
coming from other juveniles increased significantly over time for both groups (F(6,23)=19.65, 
p<0.001). However, this did not differ significantly between groups (F(1,23)=1.51, p=0.23), see 
figure 4.3. 
 Food begging significantly decreased over time for all subjects (F(3,21)=10.22, p<0.001).  
However, there was no significant interaction between time and treatment (F(3,21)=1.51, p= 
0.36), time and sex (F(3,21)=1.09, p=0.54), or an interaction between time treatment and sex 
(F(3,21)=0.46, p=0.72).  Between subjects factors showed no significant differences in food 
begging by treatment (F(1,21)=0.65, p=0.43), sex (F=(1,21)=0.17, p=0.68) or in the interaction 
between treatment and sex (F(1,21)=.967, p=0.34).  Measuring food calls yielded the same non-
significant results (figure 4.4). 
Novelty Suppressed Feeding 
 When a novel object (blue nitrile glove) was hung over the food dish, latency to feed was 
significantly shorter for birds in the NS stress condition than birds in the control condition (F (1, 
39)=4.19, p<0.05; figure 4.5A).  No effect of sex (F(1,39)=1.69, p=0.20) was found, nor was 
there an interaction between sex and treatment (F(1,39)=0.40, p=0.85) To ensure these results 
were not due a greater food motivation in NS subjects, the experiment was repeated 2 weeks 
later (the next cohort started with the “no glove” condition to control for exposure to testing 
environment), this time without a glove. Without a foreign object in the observation cage, 
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treatment effects on feeding latency between NS and control animals disappeared (F(1, 39) 
=0.21, p=0.65; see figure 4.5B). 
CRH and GR mRNA in the PVN 
  NS animals were slightly more likely to have higher numbers of CRH mRNA expressing 
cells than controls, though this difference was not statistically significant (F(1,59) =3.00, 
p=0.09).  Female zebra finches, regardless of treatment, had a higher number of CRH mRNA 
cells than did males (F(1,59)=8.83, p<0.01).  Though there was no significant effect of age (F(1, 
59)=0.12, p=0.89), there was a significant age by treatment interaction (F(1, 59)=4.50, p<0.05), 
such that expression of CRH mRNA increased from post hatch day 25 to 100+ in NS animals, 
but decreased during that same time period in controls (figure 4.6A). 
 Overall, NS subjects had a significantly higher number of GR expressing cells than 
controls (F(1,59) =4.50, p<0.04).  No effects were found for age (F(1,59) =1.30, p=0.26) or sex 
(F(1,59) =2.53, p=0.12).  Age and treatment interacted significantly (F(1,59) =7.10, p<0.01).  At 
post hatch day 25, controls had more cells expressing GR than NS animals.  Post hatching day 
100+ controls showed fewer cells expressing GR than animals in the day 25 control group.  
However,  animals in the NS day 100+ group showed a greater number of cells expressing GR 
than those in the NS day 25 group (figure 4.7A). 
Discussion 
 The findings of this study are consistent with the hypothesis that increased parental 
foraging places stress on the entire colony by increasing aggression.  NS subjects received more 
aggression across the 7 weeks than did controls, suggesting that the social relationships were less 
stable in the aviaries experiencing increases parental foraging.  We expected this aggression to 
come from the parents, who were expected to respond to the increased provisioning burden with 
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aggression.  However, we found that parents were rarely the perpetrators of an aggressive action 
(figure 3). In fact, there were no differences in the time spent begging or calling for food 
between NS and controls, suggesting that NS had no impact on weaning.   Instead, the majority 
of attacks came from other adults in the colony, and later in the observations, other juveniles.  
Zebra finches are social foragers, and dominance hierarchies are established during social 
foraging.  These hierarchies are established via a series of one-on-one attacks (Forkman and 
Haskell 2004).  Food restriction has been shown to increase sibling competition in birds 
(Leonard, Horn et al. 2000).   Here we find that restricting food increases competition for the 
entire group.  In the NS colony juveniles, males in particular, received up to more than double 
the amount of aggression compared to their control counter parts.  Neither controls nor NS 
juveniles were likely to be aggressive themselves. However, given the social climate in the NS 
colony, it is not surprising that the likelihood of being aggressive was even less for NS juveniles.  
 From the results presented in figure 1 of chapter 1, it is evident that NS and control birds 
had similar growth trajectories as measure by body mass prior to fledging.  This suggests that 
parents indeed compensated for the food restriction by increasing their provisioning.  In fact, the 
only difference observed in the first 20 days was at day 3 when food restriction began for the NS 
animals.  Juveniles fledge around post-hatch day 15 and weaning begins around post-hatch day 
20, when we began our observations.  NS ended for the experimental group when the first 
hatched juvenile reached age 33 days, which would have been just before the 3rd observation.   
Comparing observations, the total aggressive behaviors received during observation weeks 1-4, 
to the number of aggressive behaviors seen during observation weeks 5-7, we saw that the 
amount of aggression that juveniles received was lower during the second half of testing.  Thus, 
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very soon after returning to ad libitum food access, the social atmosphere in the NS began to 
stabilize.    
 These results suggest that NS using increased parental foraging is not a chronic early life 
stressor as previously suspected.  Instead, it would seem that fledglings are experience frequent 
acute periods of stress. A brief period of stress occurred when food restriction began.  NS birds 
were similar to controls until fledging.  Then, they began to actively engage with other adults in 
the colony who were also experiencing food restriction. These adults were more aggressive 
compared to adults in control aviaries, beginning a second, longer period of stress.  The behavior 
of the NS subjects as adults also supports the likelihood that increased parental foraging in not a 
chronic early life stressor.  When faced with a novel environment and strange object (blue nitrile 
glove), NS animals were faster to overcome their anxiety and approach the strange object to 
obtain food.   This is similar to previous studies that have shown that intermittent stress early in 
life creates resiliency to novel environments in adulthood (Lyons, Parker et al. 2010). 
 I predicted that the number of cells expressing CRH would be highest in NS at post-hatch 
day 25 due to learning to forage for themselves under stressful conditions.  The numbers of cells 
expressing CRH were similar across treatment groups at this time. Instead, CRH mRNA 
increased with age, and was highest in NS subjects 100+ days post-hatch. This was unexpected, 
as I anticipated animals at post hatching day 60 and 100+ would be experiencing a less stressful 
environment due to the cessation of the stressful stimulus.  Indeed, by 60 days post-hatch the 
aggression in the NS colony had been significantly reduced.  Further negating the hypothesis that 
increased parental foraging is a chronic early life stressor was the results from GR mRNA in the 
PVN of NS and control animals.  GR binds CORT at a low affinity, suggesting that these 
receptors play a role in mediating high stress situations by helping the return the body to 
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homeostasis after the termination of a stressor (de Kloet, Vreugdenhil et al. 1998).    Chronic 
early life stress suppresses the expression of GR over time; therefore we expected GR mRNA to 
be lowest in NS animals at day 100+ post-hatch.  Instead, we found the exact opposite; the 
number of cells expressing GR increased across the age groups, with the highest numbers found 
in NS adults.   This is similar to the increased expression of GR in the hippocampus of animal 
models used to study post-traumatic stress disorder (PTSD)(Liberzon, López, Flagel, Vázquez, 
& Young, 1999).  These models were created to mimic the enhanced suppression of cortisol seen 
in human patients suffering from PTSD (Yehuda, 2001).  Future studies may wish to examine 
the potential of paradigm as a model for developmentally induced PTSD.   
 In this study, we have shown that increased parental foraging may be creating a social, 
not a nutritional stressor, in developing zebra finches.  We also provide evidence that NS may 
not be a model of chronic stress, as aggression was not constant.  In sum, the paradigm of 
increased foraging seems best suited as a model of intermittent acute social stress, as reflected by 
behavioral and neural measures. 
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Figure 4.1:  Effect of NS on Nestling Growth Rate into Adulthood.  Nestlings were weighed 
daily until post hatch day 20 then again on the day of brain collection.  Results show that growth 
rate of control and NS hatchlings are similar until post-hatch day 19, around the time weaning 
begins. From this point NS are significantly smaller than aged matched controls (*p<0.05) and 
this trend continues into adulthood. NS = nutritional stress. 
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Figure 4.2: The Effect of NS on the Number of Aggressive Actions Received by Juveniles 
Across 7 Weekly Observations.  A) Males received more aggressive acts than did females, but 
only in the NS colonies. Overall, animals in the NS colonies received more aggressive actions 
than did controls.  B) Aggressive acts received during the first 4 weeks of observations compared 
to the last three weeks.  Removal of the stressor significantly reduced the number of attacks 
received by fledglings. Sample size for this study was as follows: control males (n=6); control 
female (n=6); NS male (n=7); NS female (n=6). NS = nutritional stress; PHD = post hatching 
day. 
p<0.05*; p<0.001*** 
 
  
A B 
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Figure 4.3: The Effect of NS on the Number of Aggressive Acts by Juvenile Males and Females 
across 7 Weeks of Observations.  A) Mean aggressive behaviors across all 7 weeks of 
observations. Controls were significantly more aggressive than juveniles in the NS condition. B) 
Aggressive behaviors during the first 4 weeks of observations compared to the last three weeks. 
Aggression increased over time for all groups, there were no significant differences. NS = 
nutritional stress; PHD = post hatching day. 
†p=0.08 
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Figure 4.4: The Effect of NS on Aggression in the Home Cage.  The average number of attacks 
on fledglings was recorded at each observation.  Figure shows the percent of those attacks that 
came from either parents, non-parent adults or other juveniles. NS = nutritional stress; PHD = 
post hatching day. 
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Figure 4.5:  Food Seeking Behavior over Time in Juvenile Zebra Finches Exposed to NS or 
Control.  Neither food begging nor calling was affected by NS.  Both behaviors significantly 
decreased over time at p<0.001, reaching zero at week 4. NS = nutritional stress. 
 
 
 
 
 
 
 
 
 
 
 
 
*** 
*** 
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Figure 4.6: The Effect of NS on Latency to Feed in a Novel Environment. A) A blue nitrile 
glove was placed over food dish in test cage. NS decreased the latency to feed.  B) No glove in 
test cage. No differences between controls and NS animals are apparent. NS = nutritional stress. 
*p<0.05 
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Figure 4.7: The Effect of NS on CRH mRNA in the PVN.  A) Treatment by Age interaction 
showing CRH mRNA is highest for adult NS subjects. B) Effect of sex on expression of CRH 
mRNA C) Cells expressing CRH in zebra finches (MC=male control; MNS=Male NS; 
FC=female control; FNS=female NS; D=post hatch day).  NS = nutritional stress; PHD=post-
hatching day. 
*p<0.05, ***p<0.001, 
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Figure 4.8: The Effect of NS on GR mRNA in the PVN.  A) Treatment by Age interaction 
showing GR mRNA is highest in the PVN of adult NS subjects. B) Overall effect of treatment on 
GR mRNA. C) Cells expressing GR in zebra finches (MC=male control; MNS=Male NS; 
FC=female control; FNS=female NS; D=post hatch day).  NS = nutritional stress; PHD=post-
hatching day. 
*p<0.05, **p<0.01 
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CHAPTER 5 - SUMMARY OF FINDINGS AND GENERAL DISCUSSION 
 Collectively, these studies show that early life nutritional stress (NS) by increased 
parental foraging causes diverse long-term changes, from changes in neural and hormonal 
systems, to changes in social dynamics and behavior.  The implications of NS in early life appear 
to accelerate some aspects of development with possible consequences to health and 
socialization throughout the lifespan.  Although this hypothesis has been proposed before, I 
provide the first evidence that NS alters female behavior, partner preferences, neural function in 
both sexes, hormonal effects, and changes in response to stressful stimuli later in life.    
Furthermore, the present study examined the effects of NS throughout development rather than at 
only one time point.  From this, I was able to determine that the effects of NS resulted not from 
direct energetic restriction but by group aggression induced by increased foraging, once the 
young had fledged.  This novel aspect of the present study demonstrates an intriguing effect of 
group dynamics that likely mediate the effects of decreased food intake on individual 
development. 
 As a behavioral indicator of learning, memory, and social behavior, the present studies 
demonstrated an effect of early life NS on male song.  Males who experienced NS had less 
complex songs than did control males, as determined by a reduced number of syllable types in a 
song bout.  The pattern and timing of changes in song in this study indicate the vulnerability of 
certain sensitive periods to early life stress.  The duration of NS was within the sensitive period 
of song template formation and, despite NS ending prior to the beginning of the sensorimotor 
integration period, juveniles in the NS condition continued to receive twice the number of attacks 
from other birds in their home cage compared to controls.  Thus the effects of increased foraging 
remained for weeks after removal of the stressor (see figure 5.1).   Previous studies employing 
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increased foraging also found effects on song rate (Zann & Cash, 2008b) and song length 
(Spencer et al., 2003).  Inconsistencies between studies may partially stem from the overuse of 
shorter notes and underuse of introductory notes by NS males in the present study. Use of shorter 
notes would increase song rate and the exclusion of introductory notes, which are also short but 
begin at a slow rate in control animals, would eliminate differences in song rate due to nutritional 
stress.  
 NS is hypothesized to be a general risk factor that can alter development of males and 
females.  However, previous work has exclusively examined the short-term effects of NS and 
only in males.  An innovation of the present studies was to also examine the effects of NS in 
females. It has been suggested that female zebra finches experience a similar template formation 
period to males (Riebel, 2003).  During this period females memorize their father’s song as a 
way to choose males based on song in adulthood.  Here, as in previous work, control females 
consistently preferred song from unstressed control males over NS males.  NS females 
demonstrated no preference for males singing songs if differing quality and I further replicated 
previous reports of control females preferring unstressed males (Nowicki et al., 2002a; Spencer 
et al., 2005).  Plausibly, if the NS female's template for "good" song was altered as the NS male's 
template was, the female would be incapable of perceiving differences in song complexity that 
would signal poor mate choice.  Alternatively, as parents increased provisioning to compensate 
for the increased difficulty in foraging, there may have been fewer opportunities for juveniles to 
hear tutor song. Whether or not adult males in NS colonies spent as much time singing as those 
in the control is unknown.  Future studies would benefit from measuring the amount of time 
tutors spend singing to juveniles in order to tease apart whether the effects observed here are due 
to decreased time spent learning, or deficits in the development of sensitive learning systems.    
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Early life stress induced with increased parental foraging likely exerts a cascade of 
changes above and beyond what we have presented here. This cascade of effects would then 
cause long-term changes to neural substrates of learning and memory.  Due to the timing of NS 
during template formation in the present study, we chose to focus on sex and stress hormones, 
because they are known to play a role in singing.  In particular, it has been suggested that 
increased levels of T during development may prematurely close the sensitive period for song 
memorization (Schlinger, 1997).  Premature closing of the sensitive period would ultimately 
cause a decrease in song complexity due to poor memorization of the tutor template. However, 
previous studies have failed to find effects of NS on T (Buchanan et al., 2003; Spencer et al., 
2003).  A limitation of previous studies was sampling plasma only once in adulthood, which the 
present study aimed to address by taking additional measurements at important developmental 
milestones. In the present study, NS birds had increased T at post-hatch day 60, which suggests a 
the possibility of an early closing period of the sensitive period for song acquisition.  In addition 
to increased CORT at post-hatch day 25 lends support to the role of dysregulated HPA axis 
functioning in the deficits seen in adult male song.  However, due to the limitations of the 
sampling methods, each developmental time point was represented by different groups of birds.  
Therefore, we cannot exclude the possibility that there were cohort effects. Future studies should 
employ a longitudinal approach to studying the effects of NS on hormones throughout the 
lifespan so that a repeated measures design can be employed.   
No effects on E2 were observed in this study.  However, as stated previously, 
methodological constraints may have impaired our ability to detect any effects.  Results did show 
that control animals had twice the levels of E2 at post hatch day 25, however, the study was 
grossly underpowered at less than 10%..  Indeed, results from the 3-choice test examining the 
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development of opposite sex preferences, suggest that this might be the case.  In this study, I 
showed that increased foraging delayed the development of male preference in NS females 
compared to controls.  In a study by Akins-Regan and Leung (2006), females treated with ATD 
and to suppress the action of sex steroid hormones also showed a delay in the development of 
opposite sex preference compared to untreated controls.  The overlapping results between these 
two studies suggest a shared mechanism.  Given that NS females did not show any differences in 
T compared to controls, it is reasonable to conclude that the lack of effect of NS on E2 is indeed 
spurious in this case. 
 Nonetheless, the present set of studies demonstrates an effect of early-life stress on the 
development of sensitive learning and memory systems.  Critically, the present studies 
demonstrated that increased parental foraging created not a direct nutritional stressor, but an 
environment of social stress.  After fledging, NS juveniles experienced increased aggression as 
compared to control birds.  The results from our developmental body mass study, combined with 
the novelty-suppressed feeding results, suggests that increased parental foraging creates a very 
brief period of food restriction during the hatchling period, followed by a juvenile period marked 
by periodic bouts of acute stress.  It has been shown that intermittent stress early in life creates 
resiliency to novel environments in adulthood (Lyons, Parker et al. 2010).  Resiliency was 
observed in adult animals who had grown up in the NS condition as a shorter latency to feed 
when presented with a novel object.  Therefore, the reports of increased parental foraging in 
other studies that are interpreted solely as nutritional stress may be misidentifying the effects of 
stress that are related to the social dynamics that present later in development.  The interplay of 
these stress factors is likely complex and is expected to affect multiple neural systems, and 
therefore warrants additional study.     
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 I predicted that the number of cells expressing CRH would be highest in NS at post-hatch 
day 25 due to learning to forage for themselves under stressful conditions, and lowest in adults 
who were no longer experiencing stress.  Given that the original hypothesis surrounding the use 
of increased foraging was that this was a chronic early life stressor, I expected to see suppression 
of GR mRNA in older subjects. Instead, the numbers of cells expressing CRH were similar 
across treatment groups at post hatch day 25 and were in fact highest in NS subjects 100+ days 
post-hatch.  Similarly, contrary to expectations, the highest number of GR mRNA cells was 
observed in NS adults.   Although the effects of early life stress caused an opposite effect in 
CRH and GR mRNA in the PVN than expected for chronic stress, these findings may suggest an 
additional psychological component.  Recent studies of post-traumatic stress disorder (PTSD) 
have demonstrated the same counter-intuitive expression of CRH and GR mRNA following a 
stressor (De Kloet et al., 2006; Liberzon et al., 1999), although the condition is classified as a 
chronic stress disorder.   Moreover, studies of early-life stress and PTSD symptoms in childhood 
have demonstrated that abused children reach developmental milestones faster, similar to an 
early closing of a sensitive period found here.  Finally, the symptoms of PTSD following 
childhood trauma is known to impair classroom performance and is correlated with learning 
disorders and aggressive behaviors in humans (Yule, 2000).  Taken together, it is plausible that 
early life NS results in a lasting social stressor may be a model of childhood trauma and the 
effects of PTSD on the developing brain.  The parallels are intriguing, but further study is 
necessary to validate the model with additional neural and molecular markers, as well as 
behavioral effects across development. 
 In sum, these studies provide a further understanding of the effects of developmental 
stress on hormones, brain and behavior. Additionally, I have shown that early life stress alters 
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these measures. Due to its effects on hormones and behavior, the increased parental foraging 
method could provide potentially be used to create a bird model for understanding the 
development of PTSD in humans. 
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Figure 5.1: Study Timeline.  An overview of the timing of experiments as they coincide with 
sensitive periods.  The NS manipulation clearly overlaps with the sensitive period for song 
learning in the juvenile zebra finch. PHD = post hatching day. NSF = novelty suppressed 
feeding. 
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 Songbirds are particularly susceptible to stress during the sensitive period for song 
learning.  Thus the developmental stress hypothesis (DSH) proposes that adult song reflects a 
male’s early life environment during this period.  Nutritional stress (NS) has been shown to 
cause deficits in song learning and adult song output that are salient to females.  Female song 
birds consistently prefer control males over those raised under NS, yet the effects NS on females 
are still unclear.  The hypothalamic-pituitary-adrenal axis (HPA) has been implicated in this 
process. However, evidence directly linking HPA functioning to the deficits due to NS have 
inconsistently shown elevations in CORT.  Additionally, the effects of early NS on the juvenile 
period are understudied.  The present studies explored the effects of a period of NS early in life 
on behavior, as well hormonal and neural processes, in both juvenile and adult zebra finches of 
both sexes. 
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